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(1 .1)  C u t t i n g  o f  S o l i d  M a t e r i a l s  by I m p u l s iv e  J e t s
W a te r  j e t s  h a v e  b e e n  u s e d  f o r  many y e a r s  t o  c u t  s o l i d  
m a t e r i a l .  The r e q u i r e m e n t  f o r  c u t t i n g  i s  t h a t  t h e  w a t e r  
v e l o c i t y  sh o u ld  be o f  s u f f i c i e n t  m agn i tu d e  f o r  t h e  s t a g n a t i o n  
p r e s s u r e  o f  t h e  j e t  t o  be  g r e a t e r  t h a n  t h e  c o m p r e s s iv e  
s t r e n g t h  o f  t h e  m a t e r i a l .  Over t h e  p a s t  few y e a r s  pump 
t e c h n o lo g y  has  advanced  t o  t h e  e x t e n t  t h a t ,  w i t h  t h e  a i d  o f  
p r e s s u r e  i n t e n s i f i e r s ,  c o n t i n u o u s l y  r a t e d  p r e s s u r e s  o f  400 
MN/nf a r e  n o t  uncommon, (14 ,86 ,90 ,91  )• T h is  means,  f o r  
exam ple ,  t h a t  t h e  h a r d e s t  ro c k s  may be c u t  u s i n g  w a t e r  j e t s ,  
( g r a n i t e ,  f o r  exam ple ,  ha s  a  c o m p r e s s iv e  s t r e n g t h  o f  220 MN/ma)
W ater  j e t s  a r e  n o t  s u b j e c t  t o  t h e  wear  o f  c o n v e n t i o n a l  
c u t t e r s ,  f o r  example  diamond saw s ,  however  t h e  power r e q u i r e d  
f o r  u n i t  mass o f  m a t e r i a l  removed i s  g r e a t e r  (5 4 ,5 6 ) ,  t h a n  f o r  
c o n v e n t i o n a l  methods  o f  c u t t i n g  and so a p a r t  f rom  some 
s p e c i a l i s e d  a p p l i c a t i o n s ,  s e e  f o r  exam ple  r e f e r e n c e s  (42) and 
(111), c o n t i n u o u s  j e t  c u t t i n g  i s  n o t  w id e ly  u se d  a t  p r e s e n t .
The p r e s e n t  s tu d y  i s  co n ce rn e d  w i th  t h e  b r e a k i n g  o f  
m a t e r i a l  u s i n g  s i n g l e  s h o t s  o f  w a t e r ,  t a k i n g  a d v a n t a g e  o f  t h e  
h ig h  p r e s s u r e s  g e n e r a t e d  by t h e  im p a c t  o f  w a t e r  on a  t a r g e t .  
V a r io u s  means o f  p r o d u c i n g  such  im p a c t s  have been  i d e n t i f i e d .
A c o n t i n u o u s  j e t ,  f o r  exam ple ,  p roduced  w i t h  a  d e l i b e r a t e  
v a r i a t i o n  i n  pump p r e s s u r e ,  w i l l  s e p a r a t e  i n t o  i n d i v i d u a l  
s l u g s  o f  w a t e r  a t  l o n g  d i s t a n c e  from t h e  n o z z l e  (8 9 ,1 0 8 ) .  A 
c o n t i n u o u s  j e t  may a l s o  be i n t e r r u p t e d  r e p e t i t i v e l y  (39>77) t o  
g iv e  s e p a r a t e  p a c k e t s  o f  w a t e r .  The p r e s e n t  work d e a l s  w i t h  
t h e  p r o d u c t i o n  o f  a  s i n g l e  s h o t  o f  w a t e r  by a n  i m p a c t -  
c u m u l a t i o n  w a t e r  cannon. The v e l o c i t y  o f  w a t e r  a t t a i n a b l e  
u s i n g  w a te r  cannons  e x ce ed s  t h a t  p o s s i b l e  u s i n g  c u r r e n t  pump 
te c h n o lo g y .  The damage cau sed  t o  a  t a r g e t  i s  r e l a t e d  t o  t h e  
v e l o c i t y  by a  power law .  The damage i s  g e n e r a l l y  q u a n t i f i e d
volume removed in  a d e f i n e d  l e n g th ,  o f  t im e .  Cooley (20) 
i n d i c a t e s  t h a t  damage i s  r e l a t e d  t o  t h e  p r e s s u r e  hy a power 
a p p r o a c h i n g  two,  and t h e r e b y  t o  t h e  v e l o c i t y  o f  t h e  j e t  by a  
power o f  f o u r .  Hammitt  (49) g i v e s  an e q u a t i o n  r e l a t i n g  damage 
t o  t h e  cube o f  t h e  j e t  v e l o c i t y .  T h is  means t h a t  t h e  w a t e r  
cannon has  a g r e a t e r  p o t e n t i a l  f o r  c a u s i n g  damage t o  t a r g e t s  
t h a n  t h e  o t h e r  means o f  p r o d u c in g  p u l s e d  j e t s  d e s c r i b e d  above.
(1.2)  C h a r a c t e r i s t i c s  o f  I m p u l s iv e  J e t s  
F l u i d  M echanics  o f  I m p u l s iv e  J e t s
The i n i t i a l  p r e s s u r e  d e v e l o p e d  by t h e  i m p a c t  o f  a  j e t  o f  
w a t e r  on a  t a r g e t  may be s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  
s t a g n a t i o n  p r e s s u r e  o f  t h e  j e t .  T h is  phenomenon was f i r s t  
n o te d  a s  a  mechanism, f o r  m a t e r i a l  damage by Cook (19) i n  work 
on t h e  e r o s i o n  o f  p r o p e l l o r  b l a d e s .  The a n a l y s i s  t h a t  he 
p e r f o r m e d  was g i v e n  e a r l i e r  by G ib s o n  (44 )  and  i s  sh o w n  i n  
a p p e n d ix  A. T h is  shows t h a t  t h e  p r e s s u r e ,  P, g e n e r a t e d  by t h e  
im p a c t  o f  w a t e r  t r a v e l l i n g  a t  a  v e l o c i t y  V, i m p a c t i n g  on a 
s t a t i o n a r y ,  r i g i d  t a r g e t  i s  g iv e n  by:
[T h is  r e s u l t  was f i r s t  d e r i v e d  by S a i n t - V e n a n t  (107)  i n  1867 
i n  w ork  on t h e  i m p a c t  o f  e l a s t i c  b a r s ,  a l t h o u g h  he  d i d  n o t  
p r e s e n t  t h i s  e q u a t i o n  e x p l i c i t l y ] .
A c o m p a r i s o n  o f  t h e  p r e s s u r e  g e n e r a t e d  by t h e  i m p a c t  o f  a  
j e t  and i t s  s t a g n a t i o n  p r e s s u r e  i s  shown i n  f i g  (1) . - I t  i s  
c l e a r  t h a t  t h e  im p a c t  p r e s s u r e  e x c e e d s  t h e  s t a g n a t i o n  p r e s s u r e  
f o r  v e l o c i t i e s  up t o  a p p r o x i m a t e l y  3000 m e t r e s  p e r  s e c o n d .
(1.1)
w h e n i s  t h e  d e n s i t y  o f  t h e  w a t e r  and
Co i s  t h e  v e l o c i t y  o f  sound i n  w a t e r .
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n i g h e r  t h a n  i s  c u r r e n t l y  p o s s i b l e  w i t h  c o n v e n t i o n a l  pumps and 
i n t e n s i f i e r s .  At l o w e r  j e t  v e l o c i t i e s  t h a n  t h i s  t h e  im p a c t  
p r e s s u r e  s u b s t a n t i a l l y  exceed s  t h e  s t a g n a t i o n  p r e s s u r e .  The 
im p a c t  p r e s s u r e ,  how ever ,  l a s t s  f o r  on ly  a few m ic r o s e c o n d s  
u n t i l  r e l i e f  waves from  t h e  f r e e  b o u n d a r i e s  have t r a v e r s e d  t h e  
im p a c t  zone .  The main consequence  o f  t h i s  i m p u l s i v e  blow i s  
t h a t  a  c o m p r e s s iv e  wave t r a v e l s  i n t o  t h e  m a t e r i a l .  T h is  wave 
c a u s e s  c r a c k i n g  o f  t h e  m a t e r i a l  and t h e  h i g h  s p e e d  o f  t h e  
f o l l o w i n g  w a t e r  t h e n  opens t h e s e  c r a c k s  and rem oves m a t e r i a l .  
The im p a c t  p r e s s u r e  g e n e r a t e d  by w a t e r  j e t  im p a c t  on a  
c o m p r e s s i b l e  t a r g e t  was f i r s t  g iv e n  by De H a l l e r  (50) and i s  
d i s c u s s e d  i n  s e c t i o n  1.2.3-* The f l o w  phenomena i n v o lv e d  w i t h  
t h e  i m p a c t  o f  w a t e r  on t a r g e t s  h a v e  b e e n  t h e  s u b j e c t  o f  much 
work  d o ne  i n  t h e  p a s t .  I n  e a r l y  s t u d i e s  t h e  e m p h a s i s  w as  on 
t h e  e f f e c t  o f  d r o p l e t  im p ingem en t ,  t h e  r a p i d  e r o s i o n  o f  
t u r b i n e  b l a d e s  and t h e  e f f e c t  on a i r c r a f t  f l y i n g  t h r o u g h  r a i n  
p r o v i d i n g  t h e  im p e tu s  f o r  t h e  work (65 ,66) .  R e c e n t l y  
a t t e n t i o n  h as  been  c o n c e n t r a t e d  on t h e  damage e f f e c t s  o f  
p u l s e d  j e t s ,  p rod u ced  by w a te r  cannon o r  o t h e r w i s e  (24,77)« v
The j e t s  p ro du ced  by w a t e r  cannons can  move a t  a  s u p e r s o n i c  
speed  r e l a t i v e  t o  t h e  a i r ,  and a r e  l i a b l e  t o  p ro d u c e  a  sh ock  
wave, and form a b l a s t .  The i m p u l s i v e  n o i s e  may t h e r e f o r e  be 
q u i t e  s u b s t a n t i a l  and can  p r e s e n t  a  s a f e t y  h a z a r d .  T h i s  i s  o f  
p a r t i c u l a r  i m p o r t a n c e  i f  t h e  c a n n o n s  a r e  t o  be  u s e d  i n  an  
e n c l o s e d  s p a c e ,  f o r  exam ple  a  mine.
The h ig h  speed  j e t s  p roduced  by w a t e r - c a n n o n  a r e  s u b j e c t  t o  
l a r g e  a e ro d y n am ic  f o r c e s .  When t h e  j e t s  emerge f rom  t h e  
n o z z l e  any d i s r u p t i o n  o f  t h e  j e t  w i l l  be a m p l i f i e d  by t h e s e  
f o r c e s ,  c a u s i n g  j e t  b r e a k  up. I t  i s  n e c e s s a r y  t h a t  t h e  j e t s  
r e t a i n  t h e i r  i n i t i a l  h ig h  v e l o c i t y  and r e m a in  c o h e r e n t  o v e r  a  
r e a s o n a b l e  w o rk in g  d i s t a n c e  b e tw ee n  t h e  n o z z l e  e x i t  and t h e
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can b reak  up on em ergence  from t h e  n o z z l e  w i t h i n  a few n o z z l e  
d i a m e t e r s  b e c a u s e  o f  an i n t e r n a l  d i s r u p t i o n  (41)• I t  h a s  a l s o  
been  shown t h a t  i n s t a b i l i t y  o f  t h e  j e t  and s u b s e q u e n t  b re a k u p  
w i l l  o c cu r  some t h i r t y  n o z z l e  e x i t  d i a m e t e r s  f rom  t h e  n o z z l e  
e x i t  (41 ), s o  t h a t  t h i s  w o u ld  seem t o  p u t  a  maximum l i m i t  on 
t h e  e f f e c t i v e  c u t t i n g  ra n g e .  T h is  w i l l  be d i s c u s s e d  in  
s e c t i o n  8.3-1 -* I t  i s  t h i s  b reaku p  o f  t h e  j e t s  w hich  a t  
p r e s e n t  l i m i t s  t h e  c u t t i n g  p o t e n t i a l  o f  t h e  w a t e r - c a n n o n .  A
m ajo r  p a r t  o f  t h e  p r e s e n t  work,  t h e r e f o r e ,  i s  a im ed  a t  
d i s c o v e r i n g  t h e  c a u s e s  o f  j e t  b rea k u p  and, by e l i m i n a t i n g  
t h e s e ,  p r o d u c i n g  a more c o h e r e n t  j e t .
(1 .2 .2)  W a t e r / S o l i d  Im p ac t  Phenomena
Many e x p e r i m e n t a l  s t u d i e s  have been  p e r f o r m e d  on t h e  i m p a c t  
o f  w a t e r  on s o l i d s  o v e r  t h e  p a s t  f i f t y  y e a r s .  E a r l y  s t u d i e s  
to o k  t h e  form  o f  i n s p e c t i o n  o f  t h e  damage o f  v a r i o u s  t a r g e t s  
(38).  I t  h a s  on ly  been  i n  t h e  p a s t  few y e a r s ,  w i t h  t h e  a d v e n t  
o f  h ig h  speed  c o m p u te r s  and h i g h - f r a m i n g - r a t e  c a m e r a s  t h a t  t h e  
im p a c t  phenomena have been  s t u d i e d  i n  d e t a i l .
S e v e r a l  n u m e r i c a l  s t u d i e s  o f  t h e  im p a c t  o f  l i q u i d  d r o p l e t s  
w i t h  s o l i d  s u r f a c e s  have been  p e r fo rm e d .  These have  f e a t u r e d  
a  v a r i e t y  o f  d r o p l e t  sh a p e s .  Hwang and Hammitt  have  s t u d i e d  
t h e  im p a c t  o f  s p h e r i c a l  l i q u i d  d ro p s  i n  c o n s i d e r a b l e  d e t a i l ,  
i n c l u d i n g  t h e  e f f e c t  o f  a  c o m p r e s s i b l e  t a r g e t  (6 0 ,6 1 ) .
P i d s l e y ,  (95),  s t u d i e d  t h e  im p a c t  o f  a  l i q u i d  wedge on a  r i g i d  
t a r g e t ,  e x a m in in g  t h e  e f f e c t  o f  wedge a n g le  on t h e  maximum 
p r e s s u r e .  By r e d u c i n g  t h e  wedge a n g le  t o  z e r o  he p r o d u c e d  
n u m e r i c a l  r e s u l t s  f o r  a  c y l i n d r i c a l  im p a c t .  He exam in ed  t h e  
m o t io n  and t h e  phenomena a s s o c i a t e d  w i t h  t h e  c o n t a c t  r e g i o n
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t h e  s u r f a c e .  The n u m e r i c a l  r e s u l t s  o f  Glenn (47), r e l a t i n g  to  
t h e  im p a c t  o f  a l i q u i d  c y l i n d e r ,  a r e  p e r t i n e n t  t o  t h e  p r e s e n t  
s tu d y .  He p r e s e n t e d  an a n a l y s i s  in  which  he found  t h a t  t h e  
r a d i a l  j e t  a l o n g  th e  t a r g e t  s u r f a c e ,  caused  by t h e  r e l i e f  
w a v es  t r a v e l l i n g  i n t o  t h e  body o f  t h e  j e t  f r o m  t h e  s i d e s ,  
i n c r e a s e d  i t s  v e l o c i t y  t o  two o r  t h r e e  t i m e s  t h e  im p a c t  
v e l o c i t y .  The wave m o t io n s  i n  t h e  c y l i n d e r  and t h e  s t a r t  o f  
t h e  r a d i a l  j e t t i n g  a r e  shown in  f i g  (4 ). The i n i t i a l  r a d i a l  
j e t  v e l o c i t y  he gave a s  2/TT t i m e s  t h e  i n i t i a l  v e l o c i t y .  He 
found t h a t  t h e  i n i t i a l  c o m p r e s s io n  was c a p t u r e d  by t h e  
f o l l o w i n g  r a r e f a c t i o n s ,  which  move f a s t e r ,  and t h a t  t h i s  to o k  
p l a c e  i n  a  r e l a t i v e l y  s h o r t  t im e .  Glenn a l s o  n o te d  t h e  
p o s s i b i l i t y  t h a t  t h e  i n t e r s e c t i o n  o f  t h e  r e l i e f  waves i n  t h e  
c e n t r e  o f  t h e  c y l i n d e r  would l e a d  t o  c a v i t a t i o n .
(1 .2 .3)  I m p a c t  P r e s s u r e s
As p r e v i o u s l y  n o te d  t h e  im p a c t  p r e s s u r e  g e n e r a t e d  by w a t e r  
on a  t a r g e t  i s  g iv e n  by:
P = / ) C e V (1.1)
T h is  p r e s s u r e  i s  m o d i f i e d  by t h e  c o m p r e s s i b i l i t y  o f  t h e  
t a r g e t ,  (30) ,  t o  g iv e  t h e  f o l l o w i n g  e x p r e s s i o n :
p v / ( 1 + p c 0 / p 8 ca ) ( 1 . 2 )
Where: i s  t h e  d e n s i t y  o f  t h e  t a r g e t  and
Cs i s  t h e  sp eed  o f  sound o f  t h e  t a r g e t
The p r e s s u r e  i s  a l s o  m o d i f i e d  by t h e  c h a n g e  i n  t h e  s p e e d  o f  
sound th r o u g h  w a t e r  caused  by t h e  i n c r e a s e d  p r e s s u r e  and 
d e n s i t y  which r e s u l t s  f rom t h e  im p a c t  (59)« T h is  i n c r e a s e  i n  
t h e  spe ed  o f  sound i s  g iv e n  by :
C = c 0 (1 ' +  2 ( v / c 0 ) -  0 . 1 ( V / C o n ( 1 . 3 )
Heyinann, (51 )» g i v e s  a  much s i m p l e r  e x p r e s s i o n  i n  an e a r l i e r  
p a p e r  which  i s  s u f f i c i e n t l y  a c c u r a t e  f o r  t h e  p r e s e n t  work,  
b e in g  w i t h i n  two p e r c e n t  o f  e q u a t i o n  (1.3) f o r  p r e s s u r e s  up t o  
1000 MN/m3, :
C = C0 + 2 V (1 .4 )
t o  g i v e ,  a l t o g e t h e r :
p = p  c v /  (1 c / p s cs ) ( 1 . 5 )
The e f f e c t  o f  t h e s e  v a r i o u s  c o r r e c t i o n s  t o  t h e  
i n c o m p r e s s i b l e  im p a c t  p r e s s u r e  g iv e n  by e q u a t i o n  (1 .1 )  i s  
shown i n  f i g u r e s  (2) and (3) ,  f o r  t h e  p r e s s u r e  due t o  t h e  
im p a c t  o f  an a lu m in iu m  and a  Nylon p i s t o n  r e s p e c t i v e l y ,  a t  
v a r i o u s  s p e e d s .  I t  w i l l  be n o te d  t h a t  t h e  Nylon,  b e i n g  
r e l a t i v e l y  c o m p r e s s i b l e ,  r e d u c e s  t h e  im p a c t  p r e s s u r e  by a 
f a c t o r  o f  a p p r o x i m a t e l y  two.
As n o t e d  p r e v i o u s l y  t h e  i n i t i a l  im p a c t  p h a se  l a s t s  o n ly  f o r  
t h e  t r a n s i t  t i m e  o f  r a r e f a c t i o n  waves f rom  t h e  s i d e s  o f  t h e  
w a t e r ,  w hich  r e l i e v e  t h e  p r e s s u r e  t o  a t m o s p h e r i c .  I n  t h e  c a s e  
o f  t h e  i m p a c t  o f  a c y l i n d r i c a l  w a t e r  p a c k e t  on a  t a r g e t ,  
l a t e r a l  j e t t i n g  w i l l  o c cu r  a s  t h e  r e l i e f  waves t r a v e l  i n t o  t h e  
body o f  t h e  w a t e r  a s  f i g  (4) shows. The im p a c t  o f  a  s p h e r i c a l  
d r o p  o r  a  l i q u i d  j e t  w i t h  a  c u r v e d  l e a d i n g  e d g e  on a  t a r g e t  
w i l l  c r e a t e  a  n o n - u n i f o rm  p r e s s u r e  d i s t r i b u t i o n ,  (67>106),  
w i t h  maximum p r e s s u r e s  g e n e r a t e d  which  a r e  g r e a t e r  t h a n  t h e  
above t h e o r e t i c a l  maximum t o w a r d s  t h e  o u t e r  d i a m e t e r  o f  t h e  
j e t .  T h is  i s  due t o  t h e  f a c t  t h a t  t h e  l i n e  o f  c o n t a c t  b e tw e e n  
t h e  w a t e r  and t h e  s u r f a c e  o f  t h e  im p a c te d  m a t e r i a l  moves away
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onctri one s o n i c  v e l o c i t y .  m e r e  i s ,  t n e r e r o r e ,  a  com pressed  
r e g i o n  bounded by t h e  shock a t t a c h e d  t o  t h e  c o n t a c t  l i n e .  The 
wave d ia g ra m  f o r  t h i s  s i t u a t i o n  may be seen  i n  f i g .  (5)- 
Bowden and F i e l d  (10) f i r s t  p o i n te d  o u t  t h i s  phenomenom, 
i n d i c a t i n g  t h a t  h ig h  p r e s s u r e s  cou ld  be a s s o c i a t e d  w i t h  t h e  
c o n t a c t  p o i n t .  L a t e r a l  j e t t i n g  o f  t h e  w a t e r  i s  p r e v e n t e d  
u n t i l  t h e  s p e e d  o f  t h e  c o n t a c t  p o i n t  s l o w s  t o  t h e  s o n i c  
v e l o c i t y  due t o  t h e  i n c r e a s i n g  a n g le  o f  t h e  w a t e r  s u r f a c e .
F i g  (6 )  sh o w s  t h e  wave m o t i o n s  i n  a  s p h e r i c a l  d r o p  a t  t h i s  
s t a g e .  Heymann (51) gave t h e  maximum p r e s s u r e  p rod u ced  by 
such  an im p a c t  t o  be 2.8 t i m e s  t h e  p r e s s u r e  g iv e n  i n  e q u a t i o n
(1.1) above and c i t e s  i n d i r e c t  e x p e r i m e n t a l  e v id e n c e  by 
Thiruvengadam (115),  Thomas (114) and J o l l i f f e  (68) i n  
s u p p o r t .  Hwang and Hammitt  (61), how ever ,  found v e ry  l i t t l e  
change in  t h e  maximum p r e s s u r e  f rom  t h a t  g iv e n  by t h e  
i n c o m p r e s s i b l e  t h e o r y  i n  t h e i r  n u m e r i c a l  a n a l y s i s  o f  t h e  
im p a c t  o f  a  s p h e r i c a l  d rop .  The n u m e r i c a l  method o f  Hwang and 
Hammitt  was c r i t i c i s e d  b e c a u se  o f  t h i s  r e s u l t  and f o r  t h e  
c h o ic e  o f  a  n o n - s l i p  boundary  c o n d i t i o n .  The maximum i m p a c t  v 
p r e s s u r e  m easured  by Johnson  and V ic k e r s  (67) and by R o c h e s t e r  
and B ru n to n  (106) was g r e a t e r  t h a n  t h a t  g iv e n  by t h e  
i n c o m p r e s s i b l e  t h e o r y  f o r  m o d era te  s p e e d s  o f  i m p a c t ,  how ever  
t h e  p r e s s u r e  d i s t r i b u t i o n  a c r o s s  t h e  im p a c te d  s u r f a c e  d i f f e r e d  
i n  each  c a s e .  The maximum p r e s s u r e  m easured  by Jo h n s o n  and 
V ic k e r s ,  u s i n g  a  s t r a i n - g a u g e  t e c h n i q u e ,  f o r  a  low sp e e d  j e t  
im p a c t  (46 m e t r e s / s e c o n d )  was a p p r o x i m a t e l y  1.5 t i m e s  t h e  
t h e o r e t i c a l  p r e s s u r e .  T h is  was t h o u g h t  t o  be due t o  t h e  
cu rved  l e a d i n g  edge o f  t h e i r  j e t s ,  g i v i n g  an im p a c t  s i m i l a r  t o  
t h e  s p h e r i c a l  d r o p l e t  a s  d e s c r i b e d  above (50).  T h e i r  p l o t  o f  
p r e s s u r e  d i s t r i b u t i o n  i s  shown i n  f i g  (7)* In  h i s  r e c e n t  
n u m e r i c a l  s tu d y  o f  t h e  im p a c t  o f  a  s p h e r i c a l  d ro p  P i d s l e y  (95)
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c o n t a c t  p o i n t s ,  ana i n c r e a s e d  t o  a p p r o x i m a t e l y  t w i c e  t h e  
i n c o m p r e s s i b l e  v a lu e .
A f t e r  t h e  im p a c t  p r e s s u r e  phase  t h e  p r e s s u r e  w i l l  f a l l  t o  
t h e  s t a g n a t i o n  p r e s s u r e :
For  t h e  j e t s  p roduced  by a w a t e r  cannon t h i s  p r e s s u r e  may w e l l  
be h ig h  enough t o  c au se  f u r t h e r  damage t o  t h e  t a r g e t .
(1 .2.4) The Mechanisms o f  Im p ac t  Damage
V a r io u s  i n v e s t i g a t o r s  (28,49>102), have  n o t e d  t h a t  many 
m a t e r i a l s  e x h i b i t  a  t h r e s h o l d  o f  w a t e r  j e t  im p a c t  v e l o c i t y  
be low which  no s i g n i f i c a n t  damage o c c u r s .  Such a  t h r e s h o l d  
has  been  o b se rv e d  f o r  b o th  t h e  v e l o c i t y  o f  im p a c t  o f  j e t s  (29) 
and f o r  t h e  s t a g n a t i o n  p r e s s u r e  e x e r t e d  by c o n t i n u o u s  j e t s  
(89). The v e l o c i t y  o f  t h e  w a t e r  e x i t i n g  f rom  an i m p a c t  
c u m u l a t i o n  w a t e r  cannon v a r i e s  w i t h  t i m e ,  a s  n o te d  
e x p e r i m e n t a l l y  i n  t h e  p r e s e n t  s t u d y ,  ( s e e  s e c t i o n  6 .6) ,  and by 
Edney (31)» and as  computed by Glenn (4 6 ) and Edwards  and 
Welsh (36)) .  T h is  decay o f  v e l o c i t y  v a r i e s  a c c o r d i n g  t o  t h e  
n o z z l e  sh a p e ,  a l l  o t h e r  p a r a m e t e r s  r e m a i n i n g  c o n s t a n t .  Thus a  
lo n g  n o z z l e  p ro d u c e s  a  c o m p a r a t i v e l y  s lo w  j e t  b u t  w i t h  a  
l o n g e r  r u n n i n g  t i m e .  The c o m b i n a t i o n  o f  t h i s  v a r i a t i o n  o f  j e t  
v e l o c i t i e s  w i t h  d i f f e r e n t  n o z z l e s ,  t o g e t h e r  w i t h  t h e  damage 
t h r e s h o l d  o f  m a t e r i a l s  means t h a t  n o z z l e s  s h o u ld  be s e l e c t e d  
a c c o r d i n g  t o  t h e  m a t e r i a l  b e in g  c u t .  Edwards and W elsh ,  (3 6 ) ,  
compared n o z z l e  e f f e c t i v e n e s s  u s i n g  t h i s  c o n c e p t  by
2
( 1 . 6 )
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d e n o t i n g  t h e  'u s e fu l*  p a r t  o f  t h e  n o z z l e  d i s c h a r g e .  The 
s t a g n a t i o n  im p u l s e  may be found by e v a l u a t i n g  t h e  t i m e -  
i n t e g r a l  o f  t h e  s t a g n a t i o n  p r e s s u r e  a t  t h e  n o z z l e  e x i t  f o r  a 
p r e s c r i b e d  p e r i o d  d u r i n g  j e t t i n g .  A l t e r n a t i v e l y  t h e  sum m at ion  
may be h a l t e d  a t  a p r e s c r i b e d  j e t  v e l o c i t y  be low w h ich  no 
damage w i l l  o c cu r .
High speed  im p a c t  o f  l i q u i d  has  been  o b se rv e d  (9) t o  c a u se  
t h e  f o l l o w i n g  t y p e s  o f  m a t e r i a l  damage:
a)  C i r c u m f e r e n t i a l  s u r f a c e  f r a c t u r e .
T h i s  i s  a  b r i t t l e  f a i l u r e  o f  m a t e r i a l  u n d e r  h i g h  r a t e s  o f  
s t r a i n ,  i n  which  t h e  m a t e r i a l  f r a c t u r e s  a  s m a l l  d i s t a n c e ,  
a p p r o x i m a t e l y  one j e t  r a d i u s ,  from t h e  im p a c t  a r e a  due t o  t h e  
n e ig h b o u r i n g  c o m p re s s io n .
b) S u b s u r f a c e  f lo w  and f r a c t u r e .
P l a s t i c  f l o w  i s  i n i t i a t e d  a t  t h e  r e g i o n  o f  maximum s h e a r  
s t r e s s ,  which  l i e s  d i r e c t l y  be low t h e  c e n t r e  o f  t h e  im p a c t  at.  
a  d e p th  d e t e r m i n e d  by t h e  p r e s s u r e  d i s t r i b u t i o n .  F r a c t u r e s  
a r e  o b se rv e d  which  a r e  c a u se d  by t h e  t e n s i l e  s t r e s s  t a n g e n t i a l  
t o  t h e  e x p an d in g  c o m p r e s s iv e  wave.
c) P l a s t i c  d e f o r m a t i o n  o f  t h e  s u r f a c e .
T h is  i s  c aused  by t h e  p r e s s u r e  e x c e e d in g  t h e  m a t e r i a l  
c o m p r e s s i v e  s t r e n g t h ,  and i s  most r e a d i l y  o b s e r v e d  i n  t h e  
im p a c t  o f  ve ry  h ig h  speed  j e t s  on m e t a l s .  I s h l i n s k y  (63) 
showed t h a t  t h e  mean p r e s s u r e  r e q u i r e d  f o r  p l a s t i c  f l o w  o f  
t h i s  t y p e  i s  2.5 t o  3 t i m e s  t h e  c o m p r e s s iv e  s t r e n g t h  o f  t h e  
m a t e r i a l .  S t a g n a t i o n  p r e s s u r e s  a lo n e  c a n n o t  g i v e  t h i s  
r e q u i r e d  p r e s s u r e  ( f o r  m e t a l s )  and so t h i s  i s  p u r e l y  an  i m p a c t  
phenomenon.
d) High speed  r a d i a l  f lo w  o f  t h e  l i q u i d .
The s p e e d  o f  r a d i a l  m o t i o n  o f  a  j e t  a f t e r  i m p a c t  i s  
g e n e r a l l y  c o m p a rab le  t o  t h a t  o f  t h e  im p a c t  v e l o c i t y  (47)* Any
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f u r t h e r  w a t e r  hammer p r e s s u r e s  and i s  l i k e l y  t o  s h e a r  t h e  
m a t e r i a l .  I f  t h e  w a t e r  has  a cu rved  s u r f a c e ,  t h e  r a d i a l  f l o w  
may be  f a r  h i g h e r  t h a n  t h e  i m p a c t  v e l o c i t y ,  b e c a u s e  o f  a  
’shaped  c h a r g e 1 e f f e c t ,  ( 4 7 , 6 2 , 6 6 , 9 5 ) -
e) R e f l e c t i o n  o f  c o m p r e s s iv e  waves a s  t e n s i l e  waves .
When a  c o m p r e s s iv e  wave in  an e l a s t i c  s o l i d  s t r i k e s  a  f r e e  
b o u n d a r y  i t  i s  r e f l e c t e d  a s  a  t e n s i l e  wave o f  t h e  sam e  
m ag n i tu d e .  T h is  t e n s i l e  wave i s  more l i k e l y  t o  c a u s e  damage 
t o  m a t e r i a l s  w i t h  a  low t e n s i l e  s t r e n g t h ,  c o n c r e t e  and r o c k s  
f o r  exam ple ,  t h a n  t h e  o r i g i n a l  c o m p r e s s iv e  wave. The 
r e f l e c t i o n  o f  t e n s i l e  waves i n  t h i n  t a r g e t s  can  c a u s e  s p a l l i n g  
o f  t h e  t a r g e t  on t h e  o p p o s i t e  s i d e  f r o m  t h e  i m p a c t  due  t o  t h i s  
mechanism (28).
These e f f e c t s  may be o b s e rv e d ,  t o  a  g r e a t e r  o r  l e s s e r  
d e g re e ,  f o r  a l l  c a s e s  o f  w a t e r  im p a c t ,  s u p e r s o n i c  o r  
o t h e r w i s e .  O ther  mechanisms o f  m a t e r i a l  damage i n v o l v e  s t e a d y  
j e t s ,  whose s t a g n a t i o n  p r e s s u r e  i s  w e l l  be low t h e  c o m p r e s s i v e  
s t r e n g t h  o f  t h e  m a t e r i a l  (102).  For exam ple  a  h y d r a u l i c  
wedging  a c t i o n  was p ro p o se d  by R e h b ind e r  (103)- A c c o r d in g  t o '  
t h i s  t h e o r y  w a t e r  w i l l  p e n e t r a t e  a l o n g  g r a i n  b o u n d a r i e s  and 
f l a w s  and remove m a t e r i a l  by c r e a t i n g  t e n s i o n  i n  t h e  m a t e r i a l  
and t h e r e b y  f a i l u r e .  T h is  mechanism i s  a g a i n  more e f f e c t i v e  
' f o r “ m a t e r i a l s ' w i t h ' a ' l o w  t e n s i l e  s t r e n g t h  and t h a t  a r e  p o r o u s  
i . e .  r o c k s .  Another  p o s s i b l e  mechanism f o r  t h e  d e s t r u c t i o n  o f  
ro c k s  was p ro p o se d  by E vers  e t . a l .  (40). The model  t h a t  was 
p ro p o se d  in v o lv e d  t h e  t r a n s i e n t  p r e s s u r i s a t i o n  o f  c r a c k s  i n  
t h e  r o c k  by t h e  p a s s a g e  o f  a  j e t  over  t h e  s u r f a c e .  A i r ,  
t r a p p e d  i n  t h e  c r a c k s ,  c a u s e s  t h e  p r e s s u r e  t o  f l u c t u a t e  by 
f i r s t  b e i n g  co m p ressed  and t h e n  o v e re x p a n d in g .  S u b s e q u e n t  
r e c o m p r e s s i o n  t h e n  t a k e s  p l a c e  and t h e  c y c l e  c o n t i n u e s .  I t  
was found  t h e o r e t i c a l l y  t h a t  t h e  p r e s s u r e  o s c i l l a t i o n s  can
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m ag n i tu d e .  T h is  model was c o n f i rm e d  w i t h  e x p e r i m e n t s  u s i n g  
’d e a d - e n d 1 c a p i l l i a r y  t u b e s .
The d e g re e  o f  e f f e c t i v e n e s s  o f  each  i n d i v i d u a l  damage 
mechanism depends  on th e  s t r e n g t h  p r o p e r t i e s  o f  t h e  t a r g e t  
m a t e r i a l .  G r a n i t e ,  f o r  exam ple ,  i s  g r e a t l y  a f f e c t e d  by t h e  
r e f l e c t i o n  o f  c o m p r e s s iv e  waves a s  t e n s i o n  a t  b o u n d a r i e s ,  
w h e rea s  a  s o f t e r  ro c k ,  such  as  l i m e s t o n e ,  i s  a f f e c t e d  t o  a 
l e s s e r  e x t e n t  by t h i s  mechanism and can t h e r e f o r e  s u f f e r  l e s s  
o v e r a l l  damage as  a r e s u l t  (118).
(1.3) C a v i t a t i o n a l  A sp ec ts  o f  J e t  C u t t i n g
C a v i t a t i o n  i s  r e l e v a n t  t o  t h e  p r e s e n t  s tu d y  i n  s e v e r a l  
ways:
a) The s tu d y  o f  c a v i t a t i o n  damage by c o m p a r i s o n  w i t h  j e t  
im p a c t  damage.
b) The p r o d u c t i o n  o f  t r a n s i e n t  p r e s s u r e s  w i t h i n  t h e  body o f  
t h e  w a t e r  caused  by t h e  c o l l a p s e  and rebound o f  c a v i t a t i o n  
b u b b l e s ,  which  were  t h e m s e l v e s  cau sed  by t h e  i n t e r s e c t i o n  o f  
r a r e f a c t i o n  waves.
\  ■
c) L a s t l y ,  c a v i t a t i o n  p roduced  in  an e m e rg in g ,  s u p e r s o n i c  j e t  
by t h e  i n t e r s e c t i o n  o f  r e l i e f  waves was p ro p o se d  by F i e l d  and 
L e s s e r  (41) a s  t h e  p r i n c i p a l  c au se  o f  s u p e r s o n i c ,  i m p u l s i v e  
j e t  b rea k u p .  T h is  w i l l  be d i s c u s s e d  f u r t h e r  i n  s e c t i o n
( 8 . 3 . 1 ) .
The c o l l a p s e  o f  a  c a v i t a t i o n  b u b b le  can c a u se  a  
c o n s i d e r a b l e  p r e s s u r e  r i s e  i n  a r e g i o n  c l o s e  t o  t h e  c o l l a p s e  
c e n t r e .  B e sa n t  (2) and R a y le ig h  (101) gave t h e  f i r s t  a n a l y s e s  
o f  t h e  p r e s s u r e s  g e n e r a t e d  by such  a  c o l l a p s e .  P a r so n  and 
Cook (92) c o n f i r m e d  t h e  im p o r t a n c e  o f  t h i s  e f f e c t  i n  s t u d i e s  
o f  t h e  c a v i t a t i o n  a t t a c k  o f  p r o p e l l o r  b l a d e s .  From t h a t  d a t e
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which may. be found i n  'C a v i t a t i o n *  by Knapp e t . a l .  (70) ,  and 
i n  a  f u r t h e r  book by Hammit t  (50).
W a te r  j e t  i m p a c t  t e s t s  h a v e  b e e n  u s e d  f o r  many y e a r s  t o  
e v a l u a t e  t h e  c a v i t a t i o n  r e s i s t a n c e  o f  m a t e r i a l s ,  b a sed  on t h e  
s i m i l a r i t y  o f  t h e  damage caused  by c a v i t a t i o n  and w a t e r  
im p a c t .  R ecen t  work u s i n g  h ig h  speed  p h o to g ra p h y ,  (69) ,  and 
n u m e r i c a l  t e c h n i q u e s ,  (85)> have c o n f i r m e d  t h e  s i m i l a r i t y :  
c a v i t a t i o n  c o l l a p s e  i n  c l o s e  p r o x i m i t y  t o  a  w a l l  r e s u l t s  i n  a  
h ig h  speed  (100-600  m e t r e s / s e c o n d )  m i c r o j e t  d i r e c t e d  t o w a r d s  
t h e  w a l l .  T h is  m i c r o j e t ,  i m p a c t i n g  on t h e  w a l l ,  a p p e a r s  t o  be  
a m a jo r  c o n t r i b u t o r  t o  c a v i t a t i o n  damage, (50).
C o l l a p s e  o f  t h e  b u b b l e s  c r e a t e s  h ig h  l o c a l  p r e s s u r e s ,  b u t  
t h e  p r e s s u r e  f a l l s  r a p i d l y  w i th  d i s t a n c e .  R e - e x p a n s i o n  o f  t h e  
b u bb le  t h e n  f o l l o w s ,  cau se d  by p r e s s u r i s a t i o n  o f  t h e  t r a p p e d  
i n t e r n a l  g a s ,  which  c a u s e s  rebound o f  t h e  b u b b le  w a l l .  T h is  
rebound  w i l l  a l s o  c r e a t e  h ig h  p r e s s u r e s ,  however  i n  t h i s  c a s e  
t h e  p r e s s u r e  i s  n o t  a s  l o c a l i s e d  a s  t h e  c o l l a p s e  p r e s s u r e  and 
a shock may be form ed i n  t h e  l i q u i d ,  (55*64,96).  Such s h o c k s  
have been  p h o to g ra p h e d  K u t r u f f  (71).
The im p a c t  o f  l i q u i d  on a t a r g e t  can  c a u se  c a v i t a t i o n .  The 
n u m e r i c a l  s tu d y  o f  Hwang and Hammitt  (62) p r e d i c t e d  c a v i t a t i o n  
i n  a  l i q u i d  d rop  i m p a c t i n g  on a  r i g i d  t a r g e t .  P h o to g r a p h s  
show ing  such  c a v i t a t i o n  were  t a k e n  by B ru n to n  and Camus (13).  
In  t h i s  c a s e  t h e  c a v i t a t i o n  i s  caused  by t h e  i n t e r s e c t i o n  o f  
r e l i e f  waves w i t h i n  t h e  d rop .  These r a r e f a c t i o n  waves  a r e  
cau se d  by r e f l e c t i o n  o f  t h e  i n i t i a l  c o m p r e s s i o n  f ro m  t h e  f r e e  
s u r f a c e ,  and by t h e  i n t e r s e c t i o n  o f  t h e  r a d i a l  r e l i e f  waves  
which  r e l i e v e  t h e  h ig h  im p a c t  p r e s s u r e s .  The l a t t e r  waves  
c a u se  t h e  r a d i a l  j e t t i n g  o f  t h e  drop .
There  a r e  t h r e e  t y p e s  o f  w a t e r  cannon which have b e en  
s u b j e c t  t o  u se  e i t h e r  i n d u s t r i a l l y  o r  e x p e r i m e n t a l l y .  They 
a r e  d i s t i n g u i s h e d  by t h e  p o s i t i o n i n g  o f  t h e  w a t e r  i n  t h e  
n o z z l e  p r i o r  t o  f i r i n g  and t h e  d i f f e r e n t  means o f  i m p a r t i n g  
energy  t o  t h e  w a t e r .  F i g  (8) shows t h e  t h r e e  t y p e s ,  p r e s s u r e -  
e x t r u s i o n ,  i m p a c t - e x t r u s i o n  and i m p a c t - c u r a u l a t i o n .  I n  t h e  
p r e s s u r e -  e x t r u s i o n  w a t e r  cannon b o th  t h e  n o z z l e  and a p o r t i o n  
o f  t h e  b a r r e l  a r e  f u l l  o f  w a t e r .  A r i g i d  p i s t o n  i n  c o n t a c t  
w i t h  t h e  r e a r  f a c e  o f  t h e  w a t e r  i s  p r o p e l l e d  f o r w a r d s  b y ,  f o r  
exam ple ,  gas  p r e s s u r e ,  and e j e c t s  w a t e r  ahead o f  i t  o u t  o f  t h e  
n o z z l e .  The v e l o c i t y  o f  t h e  l e a d i n g  p o r t i o n  o f  t h e  j e t  i s  
low;  t h e  v e l o c i t y  o f  e j e c t i o n  i n c r e a s e s  p r o g r e s s i v e l y  w i t h  
t im e .  I t  f o l l o w s  t h a t  i n  o r d e r  t o  r e a c h  t h e  head  o f  t h e  j e t ,  
t h e  f a s t e s t  f l u i d  e j e c t e d  must p e n e t r a t e  a l l  t h e  s l o w e r  moving 
w a t e r  ahead  o f  i t .  T h is  i s  n a t u r a l l y  w a s t e f u l  o f  k i n e t i c  
energy  and d e t r i m e n t a l  t o  c u t t i n g  p e r f o r m a n c e .  E xam ples  o f  
i n d u s t r i a l  p r e s s u r e - e x t r u s i o n  w a t e r  cannons a r e  t h o s e  u s e d  f o r  
r e s e a r c h  i n t o  c o a l  ra in ing  t e c h n i q u e s  i n  t h e  U.S.S.R., (15)*
The second  ty p e  o f  w a t e r  cannon i s  t h e  i m p a c t - e x t r u s i o n  
d e v ic e .  T h is  h a s  a p i s t o n  which  i s  a l l o w e d  t o  a c c e l e r a t e  
b e f o r e  s t r i k i n g  t h e  w a t e r .  The n o z z l e  i s  f u l l  o f  w a t e r  b e f o r e  
t h e  im p a c t  and a g a i n  t h e r e  i s  s lo w -m o v in g  w a t e r  d i s c h a r g e d  
b e f o r e  t h e  h ig h  speed  w a t e r .  T h is  i s  a  m a jo r  d i s a d v a n t a g e  f o r  
b o t h  t h e  a b o v e  t y p e s  o f  w a t e r  c a n n o n s  a s  i t  h a s  b e e n  f o u n d  
t h a t  e v e n  a  v e r y  t h i n  f i l m  o f  w a t e r  on t h e  t a r g e t  d r a s t i c a l l y  
r e d u c e s  t h e  im p a c t  p r e s s u r e ,  (106). A f u l l  d e s c r i p t i o n  o f  
b o th  an i m p a c t -  e x t r u s i o n  and a  p r e s s u r e - e x t r u s i o n  d e v i c e ,  i s  
g iv e n  by M e l l o r s ,  Mohaupt and Burns  (84).
The t h i r d  t y p e  o f  w a t e r  c a n n o n ,  and  t h e  one  t o  w h i c h  t h e  
m a jo r  p a r t  o f  t h e  p r e s e n t  work i s  d i r e c t e d ,  i s  t h e  i m p a c t -  
c u ra u l a t i o n  w a t e r  cannon. T h is  d e v i c e  has  a moving p i s t o n ,
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c o n t a i n e d  m  a chamber d i r e c t l y  u p s t r e a m  o f  t h e  n o z z l e ,  t h e  
n o z z l e  i t s e l f  b e i n g  i n i t i a l l y  empty. The t e rm  ’’c u m u l a t i o n ” 
r e f e r s  t o  t h e  n o z z l e  f lo w  p r o c e s s :  w a t e r ,  moving i n t o  t h e  
c o n v e r g in g  n o z z l e  g e n e r a t e s  c o m p r e s s iv e  waves f rom t h e  w a l l s  
o f  t h e  n o z z l e .  The c o m p r e s s io n s  p rodu ce  p r e s s u r e  i n c r e a s e s  
which  a r e  im m e d ia t e l y  r e l i e v e d  by e x p a n s io n s  f rom t h e  f r e e  
w a t e r / a i r  i n t e r f a c e .  These e x p a n s io n s  a c c e l e r a t e  t h e  w a t e r ,  
p r o d u c i n g  more c o m p r e s s iv e  waves,  and so  on. T h is  p r o c e s s  i s  
shown d i a g r a m m a t i c a l l y  i n  F i g u r e  (9)* The r e s u l t  i s  t h a t  a  
h ig h  p r e s s u r e  and v e l o c i t y  i s  g e n e r a t e d  in  t h e  l e a d i n g  p o r t i o n  
o f  t h e  w a t e r  p a c k e t .
Rhyming (105) h as  d e v e lo p ed  an a n a l y s i s  o f  t h e  f l o w  t h r o u g h  
such  a  d e v ic e ,  n e g l e c t i n g  t h e  c o m p r e s s i b i l i t y  o f  t h e  w a t e r  and 
Glenn (48) has  d e v e lo p ed  a  f i n i t e  d i f f e r e n c e  code w h ich  can 
model t h e  f l o w  i n  one d im e n s io n ,  w i t h  a r e a  change ( s e e  s e c t i o n
(2 .2 .1) .  F u r t h e r  d e v e lo p m e n t s  o f  t h i s  code were  c a r r i e d  o u t  
by Edwards and Welsh (3 6 ) and i n c l u d e d :
a)  t h e  i n c o r p o r a t i o n  o f  a  r e a l i s t i c  e q u a t i o n  o f  s t a t e  f o r  
w a t e r  ba sed  on t h e  e m p i r i c a l  d a t a  o f  Walker  and S t e r n b e r g  
( 122),
b)  t h e  i n c l u s i o n  o f  a  c a p a b i l i t y  t o  m o d e l  t h e  i m p a c t  o f  an  
e l a s t i c ,  s o l i d  p i s t o n  on t h e  w a t e r  p a c k e t .
c) t h e  enhancem ent  o f  c o m p u t a t i o n a l  s t a b i l i t y  by t h e  
i n c o r p o r a t i o n  o f  an o p t i o n a l  u p w i n d - d i f f e r e n c i n g  scheme and
d) t h e  p r o v i s i o n  o f  an improved a r t i f i c i a l - v i s c o s i t y  
f o r m u l a t i o n ,  g i v i n g  a c c e p t a b l e  low s m e a r in g  o f  shock  f r o n t s  
c o u p le d  w i t h  enhanced s t a b i l i t y  i n  t h e  f lo w  b e h in d  t h e  sh ock  
compared t o  t h a t  a c h i e v e d  by e a r l i e r  f o r m u l a t i o n s .  T h is  
c o m p u t e r  c o d e  f o r m e d  p a r t  o f  a  PhD s t u d y  by V/e lsh  (1 2 4 ) ,  who 
s t u d i e d  t h e  e f f e c t s  o f  change o f  n o z z l e  p r o f i l e ,  p o s i t i o n  o f  
t h e  w a t e r  and w a t e r  p a c k e t  l e n g t h  on t h e  c u t t i n g  p o t e n t i a l  o f
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e x p e r i m e n t a l  c o n f i r m a t i o n  o f  two o f  t h e  p r e d i c t i o n s  o f  t h e  
code,  t h a t  o f  n o z z l e  p r e s s u r e  and j e t  v e l o c i t y .  He found  t h a t  
t h e  n u m e r i c a l  r e s u l t s  a g re e d  c l o s e l y  w i t h  t h e  e x p e r i m e n t a l  
work. Edney (31 ) found  a  s i m i l a r  c o r r e l a t i o n  "between h i s  
e x p e r i m e n t a l  r e s u l t s  and t h e  n u m e r i c a l  r e s u l t s  o f  Glenn.
F i g u r e  (10) shows t h e  r e s u l t s  o f  m easu rem en ts  o f  j e t  v e l o c i t y  
by Edney, sho w in g  t h e  c o r r e l a t i o n  b e tw een  t h e  e x p e r i m e n t a l  and 
t h e  computed r e s u l t s  f o r  a  h y p e r b o l i c  shape  o f  n o z z l e .  T h is  
s tu d y  co v e red  c a s e s  i n  which  t h e  n o z z l e  i n i t i a l l y  e i t h e r  
c o n t a i n e d  a t m o s p h e r i c  a i r  o r  was e v a c u a te d .  F i g u r e  (11) 
shows an example  o f  a  computed n o z z l e  p r e s s u r e  h i s t o r y  f o r  an 
e x p o n e n t i a l  n o z z l e ,  i n d i c a t i n g  t h e  r a p i d  r i s e  i n  p r e s s u r e  and 
v e l o c i t y  t o w a r d s  t h e  end o f  t h e  n o z z l e  f lo w .
(1-5) I n d u s t r i a l  Uses o f  C on t inuous  and P u l s e d  w a t e r  j e t s
The mechanisms o f  m a t e r i a l  b re a k a g e  caused  by a  f a s t - m o v i n g  
j e t  o f  w a t e r  a r e  d e s c r i b e d  i n  s e c t i o n  (1 .2 .4) .  The i n d u s t r i a l  
u se  o f  w a te r  cannons  t o  d a t e  r e f l e c t s  t h e  more e f f e c t i v e  modes 
o f  b r e a k a g e ,  and i s  l i m i t e d  t o  rock  and c o n c r e t e  c u t t i n g ,  
(73 ,9 3 ,1 2 6 ) .  In  t h i s  c o n t e x t ,  however ,  w a t e r  cannons  can  be 
a s  e f f i c i e n t  a s  c o n v e n t i o n a l  c u t t e r s  (72,87,117)* C o n t in u o u s  
w a t e r  j e t s  have been  u sed  i n d u s t r i a l l y  f o r  many y e a r s  f o r  
c l e a n i n g  p u r p o s e s  and f o r  c u t t i n g  s o f t  m a t e r i a l s .  I n c r e a s e s  
i n  pump p r e s s u r e s  h a v e  e n a b l e d  an e x t e n s i o n  o f  t h e  r a n g e  o f  
m a t e r i a l s  t h a t  can be c u t  u s i n g  c o n t i n u o u s  j e t s .  The c u t t i n g  
o f  c o a l ,  i n  p a r t i c u l a r ,  h a s  a t t r a c t e d  a t t e n t i o n  i n  r e c e n t  
y e a r s ,  b o th  i n  t e r m s  o f  e f f i c i e n c y  and s a f e t y .  U s ing  w a t e r  
j e t s  i n  c o a l  m in in g  r e d u c e s  t h e  amount o f  r e s p i r a b l e  d u s t  i n  
t h e  a tm o s p h e r e  and l e s s e n s  s p a r k  h a z a r d ,  (37,97)* H y d r a u l i c  
m i n e s  a r e  i n  o p e r a t i o n  i n  C a n a d a ,  t h e  U.S.S.R, t h e  U.S.A. a n d  
i n  Germany. C o n t in u o u s  w a t e r  j e t s  a r e  u sed  i n  t h e s e  m in e s  i n
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l a r g e - s c a l e  d e v i c e  w i t h  a  h ig h  w a t e r - f l o w - r a t e .  The s t a n d o f f  
may be  t e n s  o f  m e t r e s  and  t h e  e x c e s s  w a t e r  i s  u s e d  t o  
t r a n s p o r t  t h e  c o a l  f rom t h e  c o a l  f a c e .  The second  method u s e s  
much s m a l l e r  j e t s  o f  w a t e r  c l o s e  t o  t h e  c o a l  f a c e .  T h e s e  j e t s  
c u t  t h e  c o a l  a s  t h e y  a r e  t r a v e r s e d  a c r o s s  t h e  f a c e .  The 
volume o f  w a t e r  u sed  i s  i n s u f f i c i e n t  t o  t r a n s p o r t  t h e  c o a l  
which has  t o  be moved u s i n g  conveyor  b e l t s .  T h is  ’j e t - c u t t e r 1 
sy s te m  may a l s o  be u sed  t o  augment m e c h a n ic a l  c u t t e r s ,
(82 ,90) .  A f u l l  d e s c r i p t i o n  o f  an h y d r a u l i c  mine i s  g i v e n  by 
Cooley (25)» Coal c u t t i n g  u s i n g  p u l s e d  w a te r  j e t s  h a s  been  
p e r f o r m e d  in  t h e  U.S.S.R. s i n c e  1959> a l t h o u g h  no f u l l  s c a l e  
p r o d u c t i o n  m in in g  has  been  a t t e m p t e d .  F u l l  s i z e  p r o t o t y p e s  o f  
m u l t i - s h o t  p r e s s u r e - e x t r u s i o n  m ach ines  have been  b u i l t ,  
however ,  and t r i a l s  c a r r i e d  ou t  i n  m ines .  Chermensky (15) 
p r o v i d e s  a f u l l  d e s c r i p t i o n  o f  t h e  work  c a r r i e d  o u t  and  t h e  
r e s u l t s  o b t a i n e d .  He r e p o r t s  t h a t  Tsyapko, (117) ,  i n  a  
n u m e r i c a l  c o m p a r i s o n  o f  c o a l  b r e a k i n g  t e c h n i q u e s ,  c o n c lu d e d  
t h a t  h i g h - p r e s s u r e  p u l s e d  w a t e r  j e t s  were  more e f f i c i e n t  t h a n  
c o n v e n t i o n a l  p i c k  c u t t e r s ,  p r e s s u r e  i n t e n s i f i e r s  and h y d r a u l i c  
m o n i t o r s  f o r  medium and h a rd  c o a l .  Chermensky a l s o  r e p o r t s  
t h a t  h e a d i n g s  i n  s a n d s t o n e  may be p e r fo rm e d  w i t h  t h e  p u l s e d  
j e t  d e v i c e s  a t  t h e  same l e v e l  o f  e f f i c i e n c y  a s  m e c h a n i c a l  
b r e a k e r s .  He used  a  p r o t o t y p e  m achine  and c o n c lu d e d  t h a t  w i t h  
t h e  u s e  o f  h i g h e r  p r e s s u r e s  t h e  e f f i c i e n c y  would be i n c r e a s e d .  
Th is  i n c r e a s e  i n  e f f i c i e n c y  w i t h  t h e  u se  o f  h i g h e r  p r e s s u r e s  
was a l s o  n o t e d  by V o i t sekh o vsk y  (120) i n  e a r l y  s t u d i e s  o f  
w a t e r  cannons .  D ur ing  t h e  c o u r s e  o f  t h i s  work V o i t s e k h o v s k y  
d e s ig n e d  a  n o z z l e  which  p u r p o r t e d  t o  g iv e  t h e  b e s t  r e s u l t s  f o r  
an i r a p a c t - c u m u l a t i o n  w a t e r  cannon,  (119)* The l e n g t h  o f  t h e  
i m p a c t i n g  p i s t o n  was r e l a t e d  t o  t h e  a r e a  r a t i o  o f  t h e  n o z z l e ,  
which  was e x p o n e n t i a l  in  sh ap e .  The same shape  o f  n o z z l e  was
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w a te r  cannon. A p a t e n t  was f i l e d  by Cooley i n  1969 (22) 
d e s c r i b i n g  t h e  d e s i g n  o f  a sy s te m  f o r  p r o d u c in g  h y p e r v e l o c i t y  
j e t s .  T h is  sy s te m  c o n s i s t e d  o f  an a n n u l a r  j e t  o f  w a t e r  which 
was s t r u c k  by a  h i g h - s p e e d ,  shaped p i s t o n ,  t r a v e l l i n g  i n  t h e  
o p p o s i t e  d i r e c t i o n .  T h is  p i s t o n  p roduced  t h e  c u t t i n g  j e t  by a 
c o m b in a t io n  o f  i t s  own sp e e d ,  i m p a c t i n g  on t h e  w a t e r ,  and a 
' shaped  c h a r g e 1 e f f e c t  (3 ,8 ) .  The machine  d e s ig n e d  was n e v e r  
b u i l t ,  t o  t h e  a u t h o r s  kno w led ge ,  and i t s  p ro p o se d  j e t  v e l o c i t y  
o f  ' a t  l e a s t  9600 f t / s e c o n d '  ha s  been  e q u a l l e d  by w a t e r  
cannons u s i n g  i n i t i a l l y  s t a t i o n a r y  w a t e r  (31)• Mohaupt 
e t . a l . ,  (87)» have  d e s ig n e d  and c o n s t r u c t e d  a  p u l s e d  j e t  
d e v ic e  o f  t h e  p r e s s u r e  e x t r u s i o n  ty p e  which  h as  a  m u l t i - s h o t  
c a p a b i l i t y  (10-20  s h o t s  p e r  m in u te ) .  They r e p o r t  t h a t  t h e  
econom ics  o f  t h e  p u l s e d  j e t  sy s te m ,  compared w i t h  c o n v e n t i o n a l  
hammers, a p p e a r s  t o  be f a v o u r a b l e  f o r  b r e a k i n g  o f  c o n c r e t e .  A 
r e c e n t  s t u d y  by Labus (72) shows t h a t  a  p r e s s u r e - e x t r u s i o n  
d e v ic e  i s  e c o n o m ic a l l y  c o m p e t i t i v e  w i t h  m e c h a n i c a l  hammers  f o r  
v a r i o u s  u s e s ,  such  a s  b r e a k i n g  c o n c r e t e  and a s p h a l t  r o a d s .
The a d d i t i o n  o f  a b r a s i v e s  t o  a  s t e a d y  w a t e r  j e t  c a n  g r e a t l y  
enhance  i t s  c u t t i n g  p o t e n t i a l ,  (.1,53)* M a t e r i a l s  w h ich  a r e  
n o r m a l ly  t o o  h a rd  f o r  c o n t i n u o u s  w a t e r  j e t s ,  such  a s  m e t a l s ,  
may be c u t  s u c c e s s f u l l y  u s i n g  t h i s  method. The t e c h n i q u e ,  
which  i s  only  e x p e r i m e n t a l  a t  p r e s e n t ,  i s  t o  i n j e c t  a b r a s i v e s ,  
such  a s  sand o r  co p p e r  s l a g ,  i n t o  t h e  w a t e r  j e t  c l o s e  t o  t h e  
n o z z l e  e x i t .  The a b r a s i v e  p a r t i c l e s  a r e  t h u s  a c c e l e r a t e d  by 
t h e  w a t e r  and wear t h e  t a r g e t  m a t e r i a l  t h r o u g h  r e p e a t e d  
im p a c t s .  The c u t t i n g  a b i l i t y  o f  t h e s e  s y s t e m s ,  t o g e t h e r  w i t h  
a d v a n ta g e s  such  as  no s p a r k  p r o d u c t i o n ,  h ig h  sp e ed  o f  c u t t i n g  
and a  c l e a n e r  c u t  t h a n  w i t h  c o n v e n t i o n a l  f l a m e  c u t t i n g  
t e c h n i q u e s ,  g i v e s  t h e  a b r a s i v e  j e t  a  good i n d u s t r i a l  
p o t e n t i a l .
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c o h e r e n t  ov e r  l o n g  s t a n d o f f  d i s t a n c e s ,  (57 ,127) ,  however t h i s  
i s  o n l y  t r u e  f o r  c o n t i n u o u s  j e t s  and no s i m i l a r  e f f e c t  h a s  
been  o b se rv e d  w i t h  p u l s e d  j e t s .
W a te r  j e t s  c a n  be u s e d  i n  many s i t u a t i o n s  w h e r e  i t  w o u ld  be 
d i f f i c u l t  t o  u se  c o n v e n t i o n a l  c u t t i n g  t e c h n i q u e s ,  f o r  exam ple  
i n  an e x p l o s i v e  e n v i ro n m e n t  (42).
An i n d u s t r i a l  i m p a c t - c u m u l a t i o n  w a t e r  cannon h as  y e t  t o  be 
b u i l t ,  a l t h o u g h  com pute r  r e s u l t s  (124) i n d i c a t e  t h a t ,  f o r  a 
g iv e n  p r e s s u r e  d e v e lo p e d  i n  t h e  n o z z l e ,  t h e  i m p a c t - c u m u l a t i o n  
p r o c e s s  p ro d u c e s  a  f a s t e r  j e t  t h a n  t h e  i m p a c t - e x t r u s i o n  
d e v i c e .
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W ater Cannon
(2.1) Nozzle  Flow A n a l y s i s
An a c c o u n t  o f  t h e  v a r i o u s  a n a l y t i c a l  s o l u t i o n s  t o  t h e  
n o z z l e  f lo w  o f  p u l s e d  j e t s  i s  g iv en  by Welsh (124). The 
a n a l y s i s  most  r e l e v a n t  t o  t h e  p r e s e n t  work i s  t h e  
i n c o m p r e s s i b l e ,  u n s t e a d y  a n a l y s i s  o f  Rhyming (105), w h ic h  
d e a l t  w i t h  a  p a c k e t  o f  w a t e r  moving w i t h  a  u n i f o r m  speed  
e n t e r i n g  a c o n v e r g in g  n o z z l e .  The t h r e e  main p a r a m e t e r s  
i n v e s t i g a t e d  i n  t h i s  s tu d y  were t h e  a r e a  r a t i o  o f  t h e  n o z z l e ,  
t h e  w a t e r  p a c k e t  t o  n o z z l e  l e n g t h  r a t i o  and t h e  s h a p e  o f  t h e  
n o z z l e .  I t  was found t h a t  t h e  maximum j e t  v e l o c i t y  was 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e - r o o t  o f  t h e  l e n g t h  r a t i o ,  
t h u s  a l o n g e r  n o z z l e  p ro d u c e s  a s l o w e r  j e t ,  a l l  o t h e r  f a c t o r s  
r e m a in i n g  c o n s t a n t .  The a r e a  r a t i o  was a l s o  found  t o  have  a  
s i g n i f i c a n t  e f f e c t  on t h e  maximum j e t  v e l o c i t y ,  w h ich  was 
f o u n d  t o  be p r o p o r t i o n a l  t o  t h e  sum o f  t h e  s q u a r e - r o o t  o f  t h e  
a r e a  r a t i o  and t h e  l o g a r i t h m  o f  t h e  a r e a  r a t i o .  T h is  
a d v a n ta g e ,  however ,  was found t o  be o f f s e t  by t h e  i n c r e a s e  i n  
n o z z l e  p r e s s u r e ,  w h i c h  v a r i e d  a s  t h e  sum o f  t h e  a r e a  r a t i o  an d  
i t s  l o g a r i t h m .  Rhyming a l s o  found t h a t  i n  o r d e r  t o  o b t a i n  
t h e  sam e p e r f o r m a n c e  f o r  a  s h o r t  o r  a  l o n g  w a t e r  p a c k e t ,  t h e n  
t h e  i n i t i a l  e nergy  o f  t h e  f l u i d  p a c k e t s  must  be t h e  sam e,  i . e .  
f o r  t h e  same i n i t i a l  v e l o c i t y  a  l o n g e r  w a t e r  p a c k e t  i s  
b e n e f i c i a l .  The a n a l y s i s  was p e r fo rm e d  i n  p a r a l l e l  w i t h  a 
c o m p r e s s i b l e ,  n u m e r i c a l  s tu d y  by Glenn which  i s  d i s c u s s e d  i n  
s e c t i o n  2.2.1. A f u r t h e r  c a s e  c o n s i d e r e d  was one i n  w h ic h  t h e  
w a t e r  i s  s e t  i n t o  m o t i o n  by t h e  i m p a c t  o f  a s o l i d  p i s t o n .  A 
s i m p l i f i e d  p o i n t - m a s s  r e p r e s e n t a t i o n  o f  t h e  p i s t o n  was u s e d  a s  
t h e  b a s i s  f o r  c a l c u l a t i o n  o f  t h e  momentum t r a n s f e r  t o  t h e  
w a t e r .  The im p a c t  was assumed t o  be a  ' r i g i d  body '
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p a r t i c u l a r l y  w i t h  r e g a r d  t o  t h e  maximum p r e s s u r e  d e v e lo p e d  in  
t h e  n o z z l e .  The j e t  v e l o c i t y ,  however ,  was o v e r p r e d i c t e d  by 
f i f t e e n  p e r c e n t  compared t o  t h e  c o m p r e s s i b l e  c a s e .  The 
p o s s i b i l i t y  o f  c a v i t a t i o n  i n  t h e  w a te r  p a c k e t  was m e n t io n e d ,  
though  no a t t e m p t  t o  d e s c r i b e  t h e  e f f e c t s  was i n c l u d e d .  
Form ulae  were  p r e s e n t e d  g i v i n g  b o th  t h e  maximum p r e s s u r e  and 
t h e  j e t  v e l o c i t y  f o r  v a r i o u s  n o z z l e s  a s  a  f u n c t i o n  o f  t i m e .  
C e r t a i n  o f  t h e s e  f o r m u la e  a r e  r e l e v a n t  t o  t h e  p r e s e n t  s t u d y  
and a r e  g iv e n  i n  a p p e n d ix  B. These f o r m u la e  a r e  u se d  l a t e r ,  
i n  c h a p t e r  5, t o  compare t h e  t h e o r e t i c a l  r e s u l t s  due t o  
Rhyming w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o f  n o z z l e  p r e s s u r e  and 
j e t  v e l o c i t y .
(2.2) C o m p u ta t io n  o f  t h e  I n t e r n a l  f lo w
(2.2 .1)  Computer Models  o f  W a te r - p a c k e t  and N ozz le  Flow
The a n a l y s i s  o f  Rhyming o f  t h e  f lo w  th r o u g h  an i n i t i a l l y  
em pty  n o z z l e  o f  a  p a c k e t  o f  w a t e r  p o s e s  a  d i l e m m a  f o r  a  
n u m e r i c a l  c o m p u t a t i o n  o f  t h e  p rob lem .  His  a n a l y s i s  shows t h a t  
t h e  v e l o c i t y  and p r e s s u r e  r i s e  t o  t h e  maximum v a l u e  i n  a  
s m a l l ,  l e a d i n g - e d g e  p o r t i o n  o f  t h e  w a t e r  p a c k e t ,  t o w a r d s  t h e  
end o f  t h e  n o z z l e  f l o w .  An E u l e r i a n  model ,  f o r  exam ple  t h e  
F l u i d  i n  C e l l  code (43),  where  t h e  f l u i d  f l o w s  t h r o u g h  a 
s t a t i o n a r y  g r i d ,  c a n n o t  d e a l  a c c u r a t e l y  w i t h  t h e  c h a n g i n g  
v e l o c i t i e s  n e a r  t h e  n o z z l e  e x i t .  I t  i s  more c o n v e n i e n t  i n  t h e  
p r e s e n t  p rob lem  t o  a l i g n  t h e  g r i d  w i t h  t h e  f l u i d  p a c k e t ,  
t h e r e b y  u s i n g  t h e  L a g r a n g ia n  a p p ro a ch  (58). T h is  m ethod ,  
however ,  s u f f e r s  f rom  t h e  d i s a d v a n t a g e  t h a t  t h e  e n t i r e  r e g i o n  
o f  i n t e r e s t ,  t h a t  i s  n e a r  t h e  n o z z l e  e x i t ,  i s  c o v e r e d  by o n ly  
a  few c e l l s .  The f i r s t  n u m e r i c a l  a n a l y s i s  t o  a v o id  t h e s e  
d i f f i c u l t i e s  was p r e s e n t e d  by Glenn (48). H is  model was b a s e d
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d e s c r i b e d  as  a  ' l e a k y - l a g r a n g i a n '  scheme in  t h a t  some o f  t h e  
f l u i d  i s  a l l o w e d  t o  t r a v e r s e  t h e  b o u n d a r i e s  o f  a  l a g r a n g i a n  
mesh. The w a te r  p a c k e t  i s  rezoned  each  t i r a e - s t e p  t o  keep  t h e  
t o t a l  number o f  c e l l s  t h e  same, a l l o w i n g  f o r  t h e  e x t e n s i o n  o f  
t h e  l e n g t h  o f  t h e  w a t e r  p a c k e t  as  i t  moves t h r o u g h  t h e  n o z z l e .  
Mass and momentum t e r m s  a r e  a d j u s t e d  f o r  t h e  c o n v e r t e d  c e l l s .  
An a r t i f i c i a l  v i s c o s i t y ,  as  f i r s t  i n t r o d u c e d  by Von Neumann 
and R ic h tm e y e r  (121),  i s  used  t o  e n a b le  t h e  code t o  d e a l  
e f f e c t i v e l y  w i t h  sh o c k s .  This  k eep s  t h e  n u m e r i c a l  
o s c i l l a t i o n s  t o  a  minimum by a l l o w i n g  an a d d i t i o n a l  d i f f u s i o n  
t o  a c t  i n  r e g i o n s  o f  s t e e p  p r e s s u r e  g r a d i e n t .  An exam ple  o f  
t h e  u se  o f  t h e  a r t i f i c i a l  v i s c o s i t y  i s  shown i n  f i g u r e  (12) ,  
t a k e n  f rom page 49 o f  P i d s l e y ' s  t h e s i s .  The f o r m u l a t i o n  o f  
t h e  a r t i f i c i a l  v i s c o s i t y  which g i v e s  t h e  b e s t  com prom ise  
b e tw een  t h e  o s c i l l a t i o n s  and t h e  s p r e a d i n g  o f  t h e  shock  i s  
g e n e r a l l y  found  by t r i a l  and e r r o r .  I t  depends on t h e  
s t r e n g t h s  o f  t h e  sh o c k s  b e in g  d e v e lo p e d ,  t h e  number o f  c e l l s  
and t h e  t im e  s t e p  u sed .  The f i r s t  n u m e r i c a l  code d e v e lo p e d  
by G le n n  d e a l t  w i t h  t h e  f l o w  o f  a  w a t e r  p a c k e t ,  i n i t i a l l y  
moving, t h r o u g h  an empty n o z z l e .  Im provem ents  t o  t h i s  code  
i n c l u d e d  a d d in g  t h e  e f f e c t  o f  a i r  i n  t h e  n o z z l e  (78) ,  and 
i m p a c t i n g  t h e  s t a t i o n a r y  w a t e r  w i t h  a  moving p i s t o n  t o  s e t  i t  
i n  m o t i o n .  The a i r  i n  f r o n t  o f  t h e  w a t e r  was h a n d l e d  by 
i n t r o d u c i n g  a  ’f a s t  r e z o n e 1 p r o c e d u r e  t o  t h e  code.  T h i s  
p r o c e d u r e  a l t e r e d  t h e  t i m e - s t e p  o f  t h e  c o m p u t a t i o n s  i n  o r d e r  
t o  c o r r e c t l y  model t h e  m o t io n  o f  t h e  gas  and r e - e s t a b l i s h e d  
t h e  t i m e - s t e p  once t h i s  had been a c h ie v e d .  I t  was fo u nd  t h a t  
t h e  e f f e c t  o f  t h e  a i r  i n  f r o n t  o f  t h e  w a t e r  r e d u c e d  t h e  
maximum v e l o c i t y  on ly  s l i g h t l y .  The computed r e s u l t s  a r e  
b r i e f l y  sum m arised  a t  t h e  end o f  t h i s  s e c t i o n .
The im p a c t  o f  a  moving p i s t o n  on t h e  s t a t i o n a r y  w a t e r  was
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by W e l s h , • u s i n g  two, d i f f e r e n t ,  c o m p u t a t i o n a l  m odels .  The 
f i r s t  model o f  p i s t o n - w a t e r  im p a c t  u sed  in  t h i s  s t u d y ,  found  
t h e  p i s t o n - w a t e r  i n t e r f a c e  v e l o c i t y  by e x am in in g  t h e  e f f e c t  o f  
p r e s s u r e  waves i n  t h e  w a te r  and i n  t h e  p i s t o n ,  ( se e  a p p e n d ix  
C). The r e a r  w a t e r  c e l l  was t h e n  s e t  t o  t h i s  v e l o c i t y .  The 
p i s t o n  was t r e a t e d  a s  a s o l i d  body i n  t h e  l a t e r  s t a g e s  o f  t h e  
f l o w  t o  av o id  u n n e c e s s a r y  c o m p l i c a t i o n s .  N u m e r ic a l  
i n s t a b i l i t i e s  were  e n c o u n t e r e d ,  t h o u g h t  t o  be t h e  i n a b i l i t y  o f  
t h e  code t o  h a n d le  shock waves g e n e r a t e d  by t h e  p i s t o n - w a t e r  
im p a c t .  An a r t i f i c i a l  v i s c o s i t y  was t h e n  added and r e f i n e d  
which  reduced  t h e s e  o s c i l l a t i o n s  t o  a  ' s a t i s f a c t o r y *  l e v e l ,  a s  
d e s c r i b e d  above.  In  o r d e r  t o  n e g a t e  e n t i r e l y  t h e  e f f e c t s  o f  
t h e s e  o s c i l l a t i o n s  a  second  im p a c t  model was d e v e lo p e d .  The 
p i s t o n  was t r e a t e d  a s  a r i g i d  body, i g n o r i n g  t h e  e f f e c t s  o f  
wave m o t io n  i n  t h e  p i s t o n  on th e  p r e s s u r e  b e in g  g e n e r a t e d  i n  
t h e  w a t e r .  The n u m e r i c a l  c a l c u l a t i o n s  were s t a r t e d  when t h e  
i n c i d e n t  shock had r e a c h e d  t h e  l e a d i n g  edge o f  t h e  w a t e r  
p a c k e t ,  t h e  w h o le  w a t e r  p a c k e t  t h e n  b e i n g  s a i d  t o  b e  i n  
u n i f o r m  m otion .  With s h o r t  p i s t o n s  t h e  s t a r t i n g  t i m e  was 
a l t e r e d  t o  t h e  t i m e  o f  r e t u r n  o f  t h e  f i r s t  wave t h r o u g h  t h e  
p i s t o n .
The n u m e r i c a l  codes  d e v e lo p e d  by Glenn and by Welsh  a r e  
o n e - d i m e n s i o n a l  i n  n a t u r e ,  t h a t  i s  t h e  p r o p e r t i e s  o f  e a c h  c e l l  
do n o t  va ry  i n  t h e  r a d i a l  d i r e c t i o n .  The f l o w ,  h o w e v e r ,  a s  
i n d i c a t e d  i n  s e c t i o n  1.4, i s  p a t e n t l y  t w o - d i m e n s i o n a l ,  w i t h  
c o m p r e s s iv e  waves f rom t h e  w a l l s  o f  t h e  n o z z l e  a c c e l e r a t i n g  
t h e  b u lk  o f  t h e  f l u i d  i n  t h e  c e n t r e .  The e r r o r s  i n v o l v e d  a r e ,  
how ever ,  m in im ised  by t h e  f a c t  t h a t  e a r l y  i n  t h e  n o z z l e  f l o w  
t h e  f l u i d  i s  moving on ly  r e l a t i v e l y  s l o w l y  and,  t o w a r d s  t h e  
end o f  t h e  n o z z l e  f l o w ,  t h e  r e d u c t i o n  i n  a r e a  o f  t h e  n o z z l e  
a l l o w s  t h e  c o m p re s s io n  waves t o  t r a v e l  r a p i d l y  t o  t h e  c e n t r e
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i n d i c a t e d  t h a t  th e  com pu te r  codes a r e  s u f f i c i e n t l y  a c c u r a t e  to  
be  u s e d  w i t h  c o n f i d e n c e  t o  p r e d i c t  t h e  j e t  v e l o c i t y  and  t h e  
p r e s s u r e s  in  t h e  n o z z l e .
The codes ,  however ,  c an n o t  be used  t o  p r e d i c t  t h e  b rea k u p  
o f  t h e  j e t  o u t s i d e  t h e  n o z z l e  n o r  do t h e y  d e a l  w i t h  t h e  
p o s s i b l e  o s c i l l a t i o n s  i n  im p a c t  chamber p r e s s u r e  due t o  r a d i a l  
v i b r a t i o n s  o f  t h e  p i s t o n  o r  m o t i o n  o f  t h e  w a l l s  o f  t h e  i m p a c t  
chamber .  An example  o f  t h e  deve lopm ent  o f  t h e  n o z z l e  p r e s s u r e ,  
a s  p r e d i c t e d  by t h e  co m p u te r  code,  i s  g iv e n  i n  f i g u r e  (13),  
show ing  th e  p r e s s u r e  h i s t o r y  f o r  t h e  c o n i c a l  n o z z l e  u se d  in  
t h e  p r e s e n t  s t u d y .  The s low  i n i t i a l  g ro w th  o f  p r e s s u r e  i s  
a p p a r e n t ,  t o g e t h e r  w i t h  t h e  ve ry  r a p i d  i n c r e a s e  i n  p r e s s u r e  
n e a r  t h e  n o z z l e  e x i t .  A seco n d a ry  p r e s s u r e  peak  i s  a l s o  
shown. A com pu te r  g e n e r a t e d  p l o t  o f  t h e  maximum p r e s s u r e  
w i t h  t i m e  f o r  t h e  s h o r t  e x p o n e n t i a l  n o z z l e  i s  shown i n  f i g u r e
(14)» The s e c o n d a ry  p r e s s u r e  peak was c o n f i r m e d  
e x p e r i m e n t a l l y  i n  t h e  p r e s e n t  and p r e v i o u s  work,  s e e  s e c t i o n  
(5*2). I t  was t h o u g h t ,  (24 ,124) ,  t h a t  t h e  s e c o n d a ry  p r e s s u r e  
p eaks  were g e n e r a t e d  by f u r t h e r  im p a c t s  o f  t h e  p i s t o n  on t h e  
w a t e r .  T h is  w i l l  be f u r t h e r  d i s c u s s e d  i n  s e c t i o n  (5»2.2).
(2 .2 .2)  D i s c u s s i o n  o f  Computed r e s u l t s
The c o n c l u s i o n s  a r r i v e d  a t  by com pu te r  s t u d i e s ,
(3 5 ,4 8 ,7 8 ,1 2 4 ) ,  a r e  a s  f o l l o w s :
a) The j e t  v e l o c i t y  decay a t  t h e  n o z z l e  e x i t  p l a n e  i s  
d i r e c t l y  r e l a t e d  t o  t h e  r a t i o  o f  t h e  w a t e r  p a c k e t  l e n g t h  t o  
t h e  n o z z l e  l e n g t h .  S h o r t  n o z z l e s ,  f o r  a  g iv e n  a r e a  r a t i o  and 
w a t e r  p a c k e t  l e n g t h ,  p ro d u ce  t h e  f a s t e s t  j e t s  and t h e .  m ost  
r a p i d  v e l o c i t y  decay a t  t h e  n o z z l e  e x i t .
maximum j e t  v e l o c i t y  i s  n o ted  w i t h  i n c r e a s i n g  n o z z l e  l e n g t h .  
The s m a l l e r  t h e  l e n g t h  r a t i o  t h e  g r e a t e r  i s  t h e  p r e s s u r e  
d e v e lop ed  i n s i d e  t h e  n o z z l e .
c) The ' s t a g n a t i o n  i m p u l s e 1 i s  d i r e c t l y  r e l a t e d  t o  t h e  
w a t e r -  p a c k e t  l e n g t h ,  such  t h a t  t h e  l o n g e r  t h e  w a t e r  p a c k e t  
t h e  g r e a t e r  t h e  s t a g n a t i o n  im p u l se .
d) The maximum v e l o c i t y  and t h e '  ' s t a g n a t i o n  i m p u l s e '  a r e  
b o th  enhanced  i f  t h e  w a t e r  p a c k e t  v e l o c i t y  i s  i n c r e a s e d .  The 
g a in  i n  v e l o c i t y  and ' s t a g n a t i o n  i m p u l s e '  i s  g r e a t e r ,  f o r  t h e  
same n o z z l e  p r e s s u r e ,  t h a n  v a r i a t i o n s  p roduced  by a l t e r i n g  t h e  
n o z z l e  a r e a  r a t i o .
e) The a d d i t i o n  o f  a  c o l l i m a t o r  t o  t h e  end o f  a  n o z z l e  
r e s u l t s  i n  an i n c r e a s e  i n  t h e  maximum v e l o c i t y  a t  t h e  n o z z l e  
e x i t  p l a n e  and  r e d u c e s  t h e  o v e r p r e s s u r e  o f  t h e  w a t e r  a t  t h e  
t i m e  o f  d i s c h a r g e ,  t h i s  o v e r p r e s s u r e  b e in g  s a i d  t o  c a u s e  t h e  
r a p i d  b rea k u p  o f  s u p e r s o n i c  j e t s  ( see  s e c t i o n  8.3*1 )• Thus 
t h e  a d d i t i o n  o f  a  c o l l i m a t o r  w i l l  improve  j e t  c o h e r e n c e  f o r  
such  j e t s .
f )  A n o z z l e  p r o f i l e  which  f e a t u r e s  a  l a r g e  r a t e  o f  change  o f  
a r e a  a t  t h e  e n t r a n c e  t o  t h e  n o z z l e  g i v e s  a  g r e a t e r  ' s t a g n a t i o n  
im p u l s e '  f o r  t h e  same n o z z l e  a r e a  r a t i o ,  due t o  a  l o w e r  decay  
r a t e  o f  t h e  j e t  v e l o c i t y  a t  t h e  n o z z l e  e x i t .  There  i s  a l s o  a  
d e c r e a s e  i n  t h e  maximum p r e s s u r e  d e v e lo p e d  i n  t h e  n o z z l e .
T h is  a g r e e s  w i t h ,  and expands  on, t h e  r e s u l t  o f  Glenn who 
n o te d  t h a t  t h e  e f f i c i e n c y  f e l l  w i t h  i n c r e a s i n g  a r e a  r a t i o .  
Glenn a l s o  n o te d  t h a t  t h e  e f f e c t  o f  a l a r g e  r a t e  o f  change  o f  
a r e a  a t  t h e  b e g i n n i n g  o f  t h e  n o z z l e  was d e t r i m e n t a l  t o  t h e
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g) The b e s t  p e r f o r m a n c e  i s  o b t a i n e d  u s i n g  a  moving p a c k e t  o f  
w a t e r ,  t e rm e d  a ‘f l u i d  p i s t o n ’, w i th  s o l i d  p i s t o n s  im p r o v in g  
t o  t h i s  p e r fo rm a n c e  l e v e l  w i t h  i n c r e a s i n g  l e n g t h .  G lenn 's  
s tu d y  a l s o  came t o  t h e  c o n c l u s i o n  t h a t  a  ‘f l u i d  p i s t o n ’ was 
more d e s i r a b l e  t h a n  a s o l i d  p i s t o n .  The s o l i d  p i s t o n  u s e s  
some o f  i t s  k i n e t i c  e nergy  i n  c o m p r e s s in g  t h e  w a t e r  on i m p a c t ,  
g i v i n g  a  s l o w e r  j e t  v e l o c i t y  t h a n  a f l u i d  p i s t o n  u s i n g  an  
e q u a l  amount o f  w a t e r ,  moving a t  t h e  same v e l o c i t y .  The s o l i d  
p i s t o n  a l s o  c a l l s  f o r  a  s t r o n g  im p a c t  chamber;  t h e  ' f l u i d  
p i s t o n '  d o e s  n o t .
h) The t e n s i l e  s t r e n g t h  o f  w a t e r  has  a n e g l i g i b l e  e f f e c t  on 
w a t e r  cannon p e r f o r m a n c e .
The n u m e r i c a l  s t u d y  o f  Locher  which  i n c l u d e d  t h e  e f f e c t s  o f
a i r  i n  t h e  n o z z l e  a r r i v e d  a t  t h e  f o l l o w i n g  c o n c l u s i o n s :
a)  The r e d u c t i o n  i n  t h e  peak d i s c h a r g e  v e l o c i t y  due t o  t h e  
p r e s e n c e  o f  a i r  i n  t h e  n o z z l e  a s  o p p o s e d  t o  a  vacu um  i s  f i v e  
t o  sev en  p e r c e n t .  T h is  i s  f o r  an h y p e r b o l i c  n o z z l e  f o r  b o t h  a
' f l u i d  p i s t o n '  and a  m e t a l  p i s t o n .  T h is  r e s u l t  was
e x p e r i m e n t a l l y  c o n f i r m e d  by Edney who found no m a jo r  
d i f f e r e n c e  i n  j e t  v e l o c i t y  b e tw ee n  j e t s  p roduced  i n  a  vacuum 
o r  i n  a i r .
b) The a i r  i n  f r o n t  o f  t h e  w a t e r  i s  h e a t e d  t o  a  v e ry  h i g h  
t e m p e r a t u r e ,  a p p r o x i m a t e l y  6000 K. T h is  c o u ld  a f f e c t  t h e  u s e  
o f  w a t e r - c a n n o n s  f o r  m in in g  b e ca u se  o f  p o s s i b l e  i g n i t i o n  o f  
f l a m m a b le  g a s e s .  No e x p e r i m e n t a l  e v id e n c e  o f  t h e s e  h i g h  
t e m p e r a t u r e s  has  been  f o r t h c o m in g ,  however .  Cooley (23) 
s u g g e s t e d  t h a t  t h e  v e ry  h ig h  t e m p e r a t u r e s  p r e d i c t e d  would  l e a d
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The v e l o c i t y  m easurem ent  system, employed in  t h e  p r e s e n t  work,  
d e s c r i b e d  l a t e r ,  m ea su re s  l i g h t  c u t  o f f  by t h e  j e t ,  u s i n g  a 
s e n s i t i v e  p h o t o m u l t i p l i e r .  Any f l a s h  o f  l i g h t  would l e a d  t o  a  
n o t a b l e  o u t p u t  f rom t h e  p h o t o m u l t i p l i e r .  T h is  was n o t  
o b s e r v e d .
c) A s t r o n g  shock i s  fo rm ed  i n s i d e  t h e  n o z z l e ,  i n d i c a t i n g  t h e  
p o t e n t i a l  o f  such  a d e v ic e  a s  a shock tu b e  d r i v e r .  L a t e r  
work c o n f i r m e d  t h i s  p o t e n t i a l ,  a  d e v ic e  h a v in g  been 
c o n s t r u c t e d  and t e s t e d  (75)*
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The b a s i c  aim o f  t h e  p r o j e c t  i s :
TO IMPROVE THE INDUSTRIAL POTENTIAL OP AN 
IMPACT-CUMULATION WATER CANNON 
S u b s i d i a r y  aims i d e n t i f i e d  i n  o r d e r  t o  do t h i s  a r e :
(1)  TO IMPROVE WATER JET SPEED
(2)  TO PRODUCE A COHERENT JET
(3) TO REDUCE THE NOISE GENERATED BY THE CANNON 
These aims a r e  t o  be a c h ie v e d :
(1) BY COMPARING THE IDEAL AND EXPERIMENTAL BEHAVIOUR 
OP THE PLOW PROCESSES 
/ { 2 )  BY IDENTIFYING REASONS FOR LOSS OP PERFORMANCE
(3) BY CORRECTING AND ADAPTING THE WATER-CANNON TO REDUCE
THE FACTORS CAUSING LOSS OP PERFORMANCE
-T"   ’** ....... .
(3 -1 )  D e s c r i p t i o n
The i r n p a c t - c u m u l a t i o n  w a t e r  cannon used  in  t h i s  s tu d y  was
m o d i f i e d  from t h e  e x i s t i n g  U n i v e r s i t y  o f  Su r re y  w a t e r  c annon ,
(124).  A d iag ram  o f  t h e  b a s i c  w a te r  cannon i s  shown i n  f i g u r e
(15). E s s e n t i a l l y  t h e  w a t e r  cannon c o m p r i s e s  t h r e e  s e c t i o n s :
a p i s t o n  l a u n c h e r ,  an im p a c t  chamber and a n o z z l e .  The p i s t o n
l a u n c h e r  c o n s i s t s  o f  a  gas  chamber and a  b a r r e l ,  s e p a r a t e d  by
a t h i n  'M y la r ’ d iap h ragm .  The b a r r e l  i s  b o l t e d  t o  t h e  gas
chamber ,  t h e  j o i n t  b e in g  s e a l e d  w i t h  an 'O ' - r i n g .  I n s e r t e d  i n
t h e  b a r r e l ,  and f r e e  t o  s l i d e  in  i t ,  i s  a  p i s t o n ,  w hich  i s  a
s o l i d  m e t a l  o r  Nylon c y l i n d e r  o f  d i a m e t e r  76.2 m i l l i m e t r e s ,
( t h r e e  i n c h e s ) ,  and which  may be o f  v a r i o u s  l e n g t h s .  T h is
ty p e  o f  d e v i c e  i s  t h u s  known as  a  ' f r e e - p i s t o n  w a t e r  c a n n o n ' .
The gas  chamber i s  p r e s s u r i s e d  p r o g r e s s i v e l y  w i t h  n i t r o g e n
from a s t o r a g e  b o t t l e  u n t i l  t h e  d iaphragm  b u r s t s .  The
b u r s t i n g  p r e s s u r e  may be c o n t r o l l e d  by c h a n g in g  t h e  number o f
M y la r  s h e e t s  u s e d  f o r  t h e  d i a p h r a g m .  I t  was f o u n d  t h a t  t h e
b u r s t i n g  p r e s s u r e  was p r e d i c t a b l e  u s i n g  t h i s  m ethod ,  t o  w i t h i n
a p p r o x i m a t e l y  f i v e  p e r c e n t  o f  t h e  t o t a l  p r e s s u r e .  B u r s t i n g
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p r e s s u r e s  o f  up t o  0.69 MN/m (100 p . s . i . )  were  em ployed .  The 
p i s t o n  i s  a c c e l e r a t e d  a l o n g  t h e  b a r r e l  u n d e r  t h e  i n f l u e n c e  o f  
t h i s  e x p a n d in g  gas  u n t i l  i t  s t r i k e s  a  s t a t i o n a r y  p a c k e t  o f  
w a t e r .  The e f f e c t i v e  l e n g t h  o f  t h e  b a r r e l  i s  e x t e n d e d  by t h e  
p i s t o n - v e l o c i t y  module and h as  a t o t a l  l e n g t h  o f  1.3 m e t r e s .  
The p i s t o n - v e l o c i t y  module h as  t a p p e d  h o l e s  a l o n g  i t s  l e n g t h  
s u i t a b l e  f o r  i n s t r u m e n t a t i o n  t o  m easure  t h e  p i s t o n  v e l o c i t y .  
The i n s t r u m e n t a t i o n  u sed  w i l l  be d i s c u s s e d  i n  s e c t i o n  4*2.2..
The w a t e r  i s  c o n t a i n e d  i n  t h e  im p a c t  chamber b e tw e e n  two 
d iap h ra g m s  and i s  p o s i t i o n e d  i m m e d ia te ly  uj^streara o f  t h e  
n o z z l e .  The im p a c t  chamber i t s e l f  i s  a  t h i c k - w a l l e d  s t e e l
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by t h e  im p a c t  o f  th e  p i s t o n  on t h e  w a t e r .  I t  has  a  l e n g t h  o f  
152.4  mm (6 i n c h e s ) ,  a  b o r e  o f  7 6 .2  mm (5 i n c h e s )  and  an  o u t e r  
d i a m e t e r  o f  205*2 mm (8 in c h e s ) .  Tappings  f o r  p r e s s u r e  
t r a n s d u c e r s  a r e  p r o v id e d  a t  t h r e e  p o i n t s  a lo n g  t h e  l e n g t h  o f  
t h e  chamber ,  s e e  s e c t i o n  4*2.1.. The w a te r  r e q u i r e d  i s  
s u p p l i e d  by m eans  o f  a  g r a v i t y  f e e d  v i a  a  t a p p e d  h o l e  a t  t h e  
b o t to m  o f  t h e  cham ber ,  t h e  d i s p l a c e d  a i r  b e i n g  e x p e l l e d  f rom  a 
h o le  a t  t h e  t o p .  V i s u a l  i n s p e c t i o n  o f  t h e  w a t e r - f i l l e d  
chamber showed t h a t  t h e r e  was no a i r  t r a p p e d  i n s i d e  u s i n g  t h i s  
method o f  f i l l i n g .  The im p a c t  chamber i s  b o l t e d  t o  t h e  
b a r r e l  o f  t h e  w a t e r  cannon and t o  t h e  n o z z l e  h o l d e r .  The 
n o z z l e  i t s e l f  i s  s c rew ed  i n t o  t h e  n o z z l e  h o l d e r  su c h  t h a t  t h e  
t r a n s i t i o n  f r o m  t h e  b o r e  o f  t h e  i m p a c t  c h a m b e r  t o  t h e  b o r e  o f  
t h e  n o z z l e  i s  smooth.  Two 'O ' - r i n g s  s e a l s  p r e v e n t  l e a k a g e  o f  
w a t e r  t h r o u g h  t h e  j o i n t s  b e tw een  t h e  b a r r e l  and i m p a c t  chamber  
and t h e  im p a c t  chamber and t h e  n o z z l e .  The w a t e r  w h ic h  i s  
d i s c h a r g e d  from t h e  n o z z l e  i s  c au g h t  and i t s  e n e r g y  d i s s i p a t e d  
i n  a  c a t c h m e n t  t a n k  d e s i g n e d  by W elsh  w h ic h  i s  n o t  sh o w n  on 
t h e  d iag ram .
M o d i f i c a t i o n s  t o  t h e  b a s i c  cannon d e s c r i b e d  above  i n c l u d e d  
t h e  p r o v i s i o n  o f  an  a i r  g ap  b e t w e e n  t h e  b a r r e l  a n d  t h e  i m p a c t  
c h a m b e r  t o  a l l o w  f o r  s p i l l a g e  o f  t h e  a i r  f r o m  i n  f r o n t  o f  t h e  
p i s t o n ,  a  vacuum c h a m b e r  i n t o  w h i c h  t h e  j e t  c o u l d  be  f i r e d  a n d  
a  p n e u m a t i c a l l y  o p e r a t e d  s e p a r a t i o n  o f  t h e  im p a c t  cham ber  f ro m  
b o th  t h e  n o z z l e  h o l d e r  and t h e  b a r r e l .  The i n c l u s i o n  o f  t h e  
a i r  gap a l l o w e d  f r e e  s p i l l a g e  o f  t h e  a i r  ahead  o f  t h e  p i s t o n ,  
w i t h  t h e  a im  o f  o b t a i n i n g  a  f l a t ,  s h a r p  i m p a c t  o f  t h e  p i s t o n  
on t h e  w a t e r  r a t h e r  t h a n  a  c u sh io n e d  and more g r a d u a l  momentum 
t r a n s f e r ,  a s  o c c u r r e d  i n  t h e  s y s te m  u se d  p r e v i o u s l y  ( s e e  
s e c t i o n  5*1*1)* A d iag ra m  o f  t h e  s y s te m  i n c o r p o r a t i n g  t h e  a i r  
gap i s  shown i n  f i g  (16). T h is  p r o v i d e s  a  more p r a c t i c a l
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p r i o r  t o  f i r i n g .  The a i r  gap t e c h n i q u e  was u se d  p r e v i o u s l y  
by Cooley (24), a l t h o u g h  i n  t h i s  c a se  t h e  gap was much l a r g e r ,  
t h e  p i s t o n  a c t u a l l y  b e in g  in  f r e e  f l i g h t  b e f o r e  im p a c t .
The vacuum chamber  was f i t t e d  t o  t h e  f r o n t  o f  t h e  w a t e r  
cannon such  t h a t  j e t s  c o u ld  be f i r e d  i n t o  a vacuum. The 
vacuum chamber  may be s e e n  in  p l a t e  (1).
The im p a c t  c h a m b e r / n o z z l e  a ssem b ly  was m o d i f i e d  t o  a l l o w  
p n e u m a t i c  c l a m p in g  and r e t r a c t i o n  o f  t h e  im p a c t  chamber  so  a s  
t o  f a c i l i t a t e  and speed  up t h e  c h a n g in g  o f  t h e  d ia p h ra g m s .
This  a r r a n g e m e n t  may be s e e n  in  p l a t e  (1 ).
(3*2) O p e r a t i n g  P ro c e d u re  f o r  t h e  W ater  Cannon
The M ylar  d ia p h ra g m s  a r e  f i r s t  i n s e r t e d  t o  h o ld  t h e  w a t e r  
i n  t h e  i m p a c t - c h a m b e r ,  and t h e  s u r f a c e s  b o l t e d  t o g e t h e r  o r  
b r o u g h t  t o g e t h e r  p n e u m a t i c a l l y .  The im p a c t - c h a m b e r  i s  t h e n  
f i l l e d  w i t h  w a t e r  and t h e  v a l v e s  c lo s e d .  Having  e n s u r e d  t h a t  
t h e r e  a r e  no l e a k s  o f  w a t e r ,  a  p i s t o n  i s  t h e n  i n s e r t e d  i n t o  
t h e  b a r r e l ,  c l o s e  t o  t h e  gas  chamber.  A number o f  M yla r  
d ia p h ra g m s  a r e  t h e n  p l a c e d  b e tw een  t h e  gas  chamber  and t h e  
b a r r e l ,  and t h e s e  s e c t i o n s  b o l t e d  t o g e t h e r .  The 
i n s t r u m e n t a t i o n  i s  t h e n  r e s e t .
As a  s a f e t y  p r e c a u t i o n  t h e  l a b o r a t o r y  i s  v a c a t e d  t o  f i r e  t h e  
cannon.  T h is  i s  n e c e s s a r y  b o th  b e c a u se  o f  t h e  n o i s e  g e n e r a t e d  
by t h e  cannon and b e c a u s e  o f  t h e  h ig h  p r e s s u r e s  g e n e r a t e d  i n  
t h e  im p a c t  chamber and t h e  n o z z l e .
A f t e r  e a c h  f i r i n g  o f  t h e  w a t e r  c a n n o n  t h e  b a r r e l  a n d  t h e  
n o z z l e  a r e  c l e a n e d ,  w i t h  p a r t i c u l a r  a t t e n t i o n  b e i n g  p a i d  t o  
s m a l l  f r a g m e n t s  o f  Mylar  d iaphragm  b ro ken  f rom  t h e  m a in  p i e c e  
o f  d iap h rag m .  These f r a g m e n t s  were  t h o u g h t  by Welsh t o  be t h e  
m a jo r  c a u se  o f  r u n - t o - r u n  v a r i a t i o n s  in  j e t  v e l o c i t y  and
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P e r i o d i c a l l y  t h e  p r e s s u r e  t r a n s d u c e r s  a r e  removed and t h e  
g r e a s e  column renewed ( se e  s e c t i o n  4*2.1 )• I f  p h o t o d i o d e s  a r e  
u sed  f o r  t h e  p i s t o n  v e l o c i t y  m easu rem en t ,  s e e  s e c t i o n  4 .2 .2 ,  
t h e n  t h e  g l a s s  windows a r e  a l s o  c l e a n e d  p e r i o d i c a l l y .
O c c a s i o n a l l y  t h e  b o re  o f  t h e  p i s t o n  v e l o c i t y  module  i s  honed 
t o  remove t r a c e s  o f  r u s t .  The b a r r e l ,  b e in g  s t a i n l e s s  s t e e l ,  
does n o t  r e q u i r e  t h i s  t r e a t m e n t .
(4-1) P r i n c i p a l  O b j e c t i v e s  o f  t h e  E x p e r im e n t s
The e x i s t i n g  U n i v e r s i t y  o f  S u r rey  w a t e r  cannon (124) was 
m o d i f i e d  a s  p a r t  o f  t h e  p r e s e n t  p r o j e c t ,  so a s  t o  f a c i l i t a t e  
i t s  use  and t o  s h o r t e n  t h e  dow n- t im e  be tw een  f i r i n g s .
The p r e v i o u s  a r r a n g e m e n t  f e a t u r e d  a d em ou n tab le  c o n t a i n e r  
f o r  t h e  w a t e r  u sed  f o r  each  f i r i n g .  The c o n t a i n e r  c o u ld  be 
r e c h a r g e d  w i t h  w a t e r  on ly  by u n s c r e w in g  t h e  n o z z l e  and 
s l i d i n g  t h e  c o n t a i n e r  o u t  a lo n g  t h e  a x i s  o f  t h e  cannon .  T h is  
p roved  t o  be a  ve ry  l a b o r i o u s  and s low  p r o c e s s .  A 
c o n s i d e r a b l e  s a v i n g  i n  p r e p a r a t i o n  t i m e  was a c h i e v e d  t h r o u g h  
t h e  u s e  o f  t h e  r e d e s i g n e d  l a y o u t  shown i n  f i g u r e  (17) and 
p l a t e  (1 ). Diaphragms a r e  p l a c e d  be tw een  t h e  im p a c t  
c h a m b e r / b a r r e l  and t h e  n o z z l e  h o l d e r / i m p a c t  chamber  s u r f a c e s ,  
t h e  w a t e r  cannon b e i n g  moved on i t s  s u p p o r t  t r o l l e y .  The 
s u r f a c e s  a r e  t h e n  b o l t e d  t o g e t h e r .  Thin  (0.1 mm) ’M y l a r 1 
d iap h ra g m s  were  n o r m a l ly  u sed  a t  t h e  w a t e r  p a c k e t / n o z z l e  
i n t e r f a c e  and e i t h e r  t h i n  (0.2 mm) a lu m in iu m  o r  M ylar  
d iap h ra g m s  a t  t h e  b a r r e l / w a t e r  p a c k e t  i n t e r f a c e .
The im p a c t  end o f  t h e  w a t e r - p a c k e t  was m o d i f i e d  t o  i n c l u d e  
a n  a i r  g ap  b e t w e e n  t h e  b a r r e l  o f  t h e  w a t e r  c a n n o n  a n d  t h e  
w a t e r - p a c k e t  a s  p r e v i o u s l y  m en t io n ed  i n  s e c t i o n  3*1« A 
d ia g ra m  o f  t h i s  a r r a n g e m e n t  may be s e e n  i n  f i g u r e  (16).
P i s t o n s  were  m a n u f a c tu r e d  f rom  Nylon,  a lu m in iu m  and m i l d -  
s t e e l  i n  l e n g t h s  o f  50, 100, and 200 mm. P i s t o n  m a t e r i a l  
d e n s i t i e s  and sp e e d s  o f  sound a r e  shown i n  T ab le  (1 ) .  In  
a d d i t i o n ,  t r i a l s  were  p e r f o r m e d  t o  e v a l u a t e  t h e  f e a s i b i l i t y  o f  
u s i n g  h o l lo w  w a t e r - f i l l e d  p i s t o n s ,  o r  p i s t o n s  w h ich  p r o p e l l e d  
t h e  p a c k e t  o f  w a t e r  a lo n g  t h e  b a r r e l  i n t o  t h e  n o z z l e .
T h r e e  n o z z l e s  w e r e  u s e d  i n  t h e  p r e s e n t  s t u d y ,  t w o  h a v i n g  a n  
e x p o n e n t i a l  w a l l  p r o f i l e  and t h e  o t h e r  a  c o n i c a l  s h a p e .
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c o u ia  oe changed by u n s c r e w in g  them from th e  n o z z l e  h o l d e r .  
S t r a i g h t  p a r a l l e l  c o l l i m a t o r s  o f  v a r i o u s  l e n g t h s ,  ( see  T ab le
(3))> c o u ld  be a t t a c h e d  t o  t h e  f r o n t  o f  t h e  c o n i c a l  n o z z l e .
The p r i n c i p a l  e x p e r i m e n t a l  s t u d i e s  made d u r i n g  t h e  p r e s e n t  
work were a s  f o l l o w s :
a)  N o zz le ,  c o l l i m a t o r  and im p a c t - c h a m b e r  w a l l  p r e s s u r e s ,
b) P i s t o n  v e l o c i t y ,
c) The v e l o c i t y  o f  t h e  head o f  t h e  h ig h  speed  j e t s ,
d) P h o to g r a p h ic  s tu d y  o f  t h e  em e rg in g  j e t s .
e) The b l a s t  g e n e r a t e d  by t h e  e m e rg in g  j e t .
f )  The f o r c e  e x e r t e d  by t h e  j e t  on a t a r g e t .
g) The m o t i o n  o f  t h e  w a l l s  o f  t h e  i m p a c t  c h a m b e r .
The v a r i o u s  t r a n s i e n t  phenomena a s s o c i a t e d  w i t h  t h e  f i r i n g  
o f  an i m p a c t - c u m u l a t i o n  w a t e r  cannon a r e  found t o  o c c u r  o v e r  a  
v a r i e t y  o f  t im e  s c a l e s  w hich ,  though  s h o r t ,  a r e  s p r e a d  o v e r  
some two o r d e r s  o f  m ag n i tu de .  For exam ple ,  t h e  p i s t o n  
v e l o c i t y  i s  m easured  by t i m i n g  t h e  f i n a l  10 c e n t i m e t r e s  o f  
t r a v e l  b e f o r e  i m p a c t .  At a  s p e e d  o f  50 m /s  t h i s  g i v e s  a  t w o -  
m i l l i s e c o n d  t i m i n g  i n t e r v a l .  T h is  was c o n v e n i e n t l y  r e c o r d e d '  
by means o f  a  w r i t i n g  o s c i l l o s c o p e ,  (a  Medelec t y p e  F0R-4)» 
However a  much f a s t e r  means o f  r e c o r d i n g  i s  n e c e s s a r y  f o r  t h e  
m easu rem en t  o f  t h e  im p a c t  phenomena, which  l a s t  f o r  o n ly  a  few 
hundred  m ic r o s e c o n d s ,  and have r i s e  t i m e s  o f  t h e  o r d e r  o f  
m ic r o s e c o n d s .  A s t o r a g e  o s c i l l o s c o p e  and cam era  w ere  u s e d  i n  
some o f  t h e  f i r s t  t e s t s  b u t  i t  was f o u n d  t o  h a v e  o n l y  a  
l i m i t e d  r e s o l u t i o n  and had no p r e - t r i g g e r  f a c i l i t y .  A 
t r a n s i e n t  r e c o r d e r  was u sed  f o r  t h e  m easurem ent  o f  t h e  i m p a c t  
phenomena,  (A P h y s i c a l  Data  t y p e  515)* T h is  was a m u l t i ­
c h a n n e l  r e c o r d e r  w i t h  a  p r e - t r i g g e r  f a c i l i t y ,  c a p a b l e  o f  0.5 
m ic ro se c o n d  sa m p l in g .  The r e c o r d s  c o u ld  be d i s p l a y e d  on an 
o s c i l l o s c o p e  f o r  im m e d ia te  v i e w i n g  and o u t p u t  t o  an a n a l o g u e
32
a p p a r a t u s  f o r  t h e  m easurem ent  o f  j e t  v e l o c i t y ,  d e s c r i b e d  
l a t e r ,  was r e c o r d e d  on a  second  t r a n s i e n t  r e c o r d e r ,  (a  D a t a l a b  
t y p e  DL 905)* T h is  had a  maximum 0.2 m ic ro se co n d  s a m p l i n g  
r a t e  w i t h  a  p r e t r i g g e r  f a c i l i t y .  The u se  o f  a  second  
t r a n s i e n t  r e c o r d e r  was n e c e s s i t a t e d  by th e  t i m e  d e l a y ,  o f  
b e tw een  two t o  f o u r  m i l l i s e c o n d s ,  be tw een  t h e  m easu rem en t  o f  
t h e  im p a c t  p r e s s u r e  and t h e  d i s c h a r g e  o f  t h e  j e t ,  and t h e  
l i m i t e d  t im e  e n v e lo p e  g r a n t e d  by t h e  r e c o r d e r s  w hich  were  
b e in g  run  a t  a  h ig h  speed .
(4*2) E x p e r i m e n t a l  Me a s u r e m e n t s
(4*2.1) N ozz le ,  C o l l i m a t o r  and Im p a c t - c h a m b e r  P r e s s u r e s
P a s t  e x p e r i e n c e  (27 ,31)  has  r e v e a l e d  t h e  n e c e s s i t y  t o  
p r o t e c t  p i e z o - e l e c t r i c  p r e s s u r e  t r a n s d u c e r s  f rom  d i r e c t  
ex p o su re  t o  t h e  f l o w  i n  t h e  n o z z l e  o f  a  w a t e r  cannon.  The 
p r o v i s i o n  o f  a  s h o r t  column o f  g r e a s e  be tw een  t h e  p r e s s u r e -  
s e n s i t i v e  f a c e  o f  t h e  t r a n s d u c e r  and t h e  n o z z l e  s u r f a c e
(28 ,124)  has  been  found  t o  be b o th  e f f e c t i v e  and n o t  
d e t r i m e n t a l  t o  m easu rem en t  a c c u ra c y  (124)* A c c o r d i n g l y  t h e  
t e c h n i q u e  was r e t a i n e d  f o r  t h e  p r e s e n t  m easu rem en t  o f  p r e s s u r e  
i n  t h e  n o z z l e  and t h e  im p a c t  chamber.  M easu rem en ts  o f  
p r e s s u r e  w e r e  t a k e n  a t  t h r e e  p o i n t s  a l o n g  t h e  l e n g t h  o f  t h e  
im p a c t  cham ber ,  a s  shown i n  f i g u r e s  (18) and (19)« W al l  
p r e s s u r e s  were  m easured  i n  t h e  s h o r t  e x p o n e n t i a l  n o z z l e ,  u s i n g  
a  t r a n s d u c e r  i n  t h e  p o s i t i o n  i n d i c a t e d  i n  f i g u r e  (20) .  
M easu rem en ts  o f  p r e s s u r e  were  a l s o  t a k e n  a t  v a r i o u s  p o s i t i o n s  
i n  t h e  c o l l i m a t o r s  a t t a c h e d  t o  t h e  end o f  t h e  c o n i c a l  n o z z l e .
A d iag ra m  o f  t h e  c o l l i m a t o r  p r e s s u r e - m e a s u r e m e n t  p o i n t s  i s  
shown i n  f i g u r e  (21), t h e  d im e n s io n s  b e in g  g iv e n  i n  T a b le  (5)* 
The t r a n s d u c e r s  u sed  were a l l  o f  t h e  p i e z o - e l e c t r i c  t y p e
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and 6201). They p r o v i d e d . a  p r e s s u r e - d e p e n d e n t  c h a rg e  o u t p u t  
which was fed  t o  s t a n d a r d  cha rg e  a m p l i f i e r s ,  ( K i s t l e r  ty p e  
5007)* The l a t t e r  gave an o u t p u t  v o l t a g e  which was cou p le d  
d i r e c t l y  t o  t h e  t r a n s i e n t  r e c o r d e r .  The a c c u ra c y  o f  t h e  
p r e s s u r e s  measured depended m ain ly  on t h e  s c a l i n g  o f  t h e  
t r a c e s  f rom th e  X-Y p l o t t e r  and was a p p r o x i m a t e ly  2 p e r c e n t  o f  
t h e  maximum p r e s s u r e  r e c o r d e d .  The g r e a s e  u sed  t o  p r o t e c t  
t h e s e  t r a n s d u c e r s  was Apeizon ’M’ ty p e  vacuum g r e a s e .
(4-2.2) P i s t o n  v e l o c i t y  measurement
Two methods were  employed t o  m easure  t h e  p i s t o n  v e l o c i t y .  
The s y s t e m  i n  u s e  a t  t h e  o u t s e t  o f  t h e  p r e s e n t  s t u d y  r e l i e d  on 
th e  s u c c e s s i v e  i n t e r r u p t i o n  o f  a p a i r  o f  l i g h t  f i l a m e n t s .
These t r a v e r s e d  t h e  b a r r e l  th r o u g h  s m a l l  g l a s s  windows and 
e n t e r e d  a p a i r  o f  p h o t o d io d e s .  A f t e r  r e p e a t e d  u s e  i t  was 
found t h a t  t h e  windows became d i r t y  and t h e  s y s te m  t h e n  
p e r fo rm e d  e r r a t i c a l l y .  In  o r d e r  t o  improve t h e  t r i g g e r i n g  and 
t h e  r e s p o n s e  o f  t h e  s y s te m ,  a  m ag n e t ic  s e n s o r ,  (Radio  S p a r e s  
ty p e  RS 304-166) ,  was t h e n  u se d .  The m ounting  and p o s i t i o n  o f  
t h i s  s e n s o r  i s  shown i n  f i g u r e  (16). The p i s t o n s  w h ich  were  
n o n - m a g n e t i c  were f i t t e d  w i t h  two m ild  s t e e l  bands  a  known 
d i s t a n c e  a p a r t .  The m ot ion  o f  t h e  s t e e l  p a s t  t h e  s e n s o r  g i v e s  
a s t e p  r i s e  i n  o u t p u t  v o l t a g e .  In  o r d e r  t o  f u r t h e r  im p ro v e  
t h e  m easurem ent  o f  t h e  p i s t o n  v e l o c i t y  t h e  o u t p u t  o f  t h e  
m a g n e t i c  s e n s o r  c o u ld  be r e c o r d e d  by t h e  t r a n s i e n t  r e c o r d e r  
which ,  w i t h  i t s  p r e - t r i g g e r  f a c i l i t y  p r o v id e d  s u p e r i o r  r e c o r d s  
t o  t h e  w r i t i n g  o s c i l l o s c o p e .  The o u t p u t  t r a c e s  f rom  t h e  
d i o d e s  and t h e  m a g n e t i c  s e n s o r  a r e  shown in  f i g u r e  (22) .  The 
p i s t o n  v e l o c i t y  c o u ld  be m easured  t o  3 p e r c e n t  by t h i s  method.
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I n i t i a l l y  t h e  j e t - h e a d  v e l o c i t y  was measured u s i n g  t h e  
sy s te m  d eve loped  by Welsh. This  sy s te m  in v o lv e d  t h e  c u t t i n g  
o f f  o f  l i g h t ,  by t h e  i n t r u s i o n  of  t h e  j e t ,  f rom two 
p h o to d io d e s  p l a c e d  a known d i s t a n c e  a p a r t .  The o u t p u t  f rom  
each  p h o to d io d e  was r e c o r d e d  on s e p a r a t e  c h a n n e l s  o f  t h e  
t r a n s i e n t  r e c o r d e r .  An exam ple  o f  t h e  p h o to d io d e  o u t p u t s  i s  
shown in  f i g u r e  (25)» In  p r a c t i c e ,  t h e  sy s tem  proved  
u n s a t i s f a c t o r y  i n  t h a t  t h e  s t a r t  o f  t h e  r e c o r d  o f  a  g i v e n  
p h o to d io d e  s i g n a l  was i n v a r i a b l y  i l l - d e f i n e d ,  making  i t  
d i f f i c u l t  t o  t i m e  t h e  p o i n t  o f  c u t o f f  o f  l i g h t .  T h is  f a c t o r  
l i m i t e d  t h e  r e s o l u t i o n  o f  t h e  sy s te m ,  ru n s  h a v in g  t o  be 
d i s c a r d e d  as  t h e  t r a c e s  were so poor .  In  o r d e r  t o  im prove  t h e  
a c c u ra c y  o f  t h e  m easurem ent  and t o  g iv e  an i n d i c a t i o n  o f  t h e  
change i n  t h e  j e t  head v e l o c i t y  w i t h  d i s t a n c e  t h e  s y s t e m  shown 
in  f i g u r e  (24) w a s  d e v e lo p e d .  A p o i n t  so u r c e  o f  l i g h t  was 
r e f l e c t e d  from a concave  m i r r o r  t o  o b t a i n  a p a r a l l e l  beam o f  
l i g h t  some 8 i n c h e s  i n  d i a m e t e r .  T h i s  beam o f  l i g h t  w as  
d i r e c t e d  a c r o s s  t h e  p a t h  o f  t h e  j e t  o n t o  a  p l a t e  t h r o u g h  w h i c h  
a s e r i e s  o f  h o l e s  has  been d r i l l e d .  The h o l e s  were  p o s i t i o n e d  
a known d i s t a n c e ,  25*4 mm, a p a r t ,  i n  a  s t r a i g h t  l i n e ,  i n  l i n e  
w i t h  t h e  a x i s  o f  t h e  n o z z l e .  The r e s u l t i n g  f i l a m e n t s  o f  l i g h t  
were d i r e c t e d  v i a  a  p l a n e  m i r r o r  on to  a n o t h e r  concav e  m i r r o r .
A p h o t o m u l t i p l i e r ,  (M u l la rd  t y p e  150cvp), was p o s i t i o n e d  a t  
t h e  f o c u s  o f  t h i s  m i r r o r  t o  c o l l e c t , t h e  l i g h t  f r o m  a l l  t h e  
h o l e s .  As t h e  j e t  emerged from  t h e  n o z z l e  i t  s e q u e n t i a l l y  
o b sc u re d  t h e  f i l a m e n t s  o f  l i g h t ,  g i v i n g  a  s t e p p e d  o u t p u t  f rom  
t h e  p h o t o m u l t i p l i e r .  The o u t p u t  s i g n a l  was r e c o r d e d  on t h e  
f a s t  t r a n s i e n t  r e c o r d e r  and was d i s p l a y e d  on an o s c i l l o s c o p e  
a n d / o r  p l o t t e d .
The l i g h t  s o u r c e  u s e d  g a v e  a 50 Hz a . c .  r i p p l e  t o  t h e
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s tu d y  t h i s  was o f  no co nseq uence .  Background l i g h t  was k e p t  
t o  a minimum i n  o r d e r  t o  r e d u c e  t h e  s i g n a l  t o  n o i s e  r a t i o .  The 
m i r r o r s  had  t o  be a d j u s t e d  c a r e f u l l y  t o  f o c u s  t h e  l i g h t  on t h e  
s e n s i t i v e  a r e a  o f  t h e  p h o t o m u l t i p l i e r  and were r ec heck ed  
b e f o r e  each  f i r i n g  o f  t h e  w a te r  cannon. This  method p roved  
c a p a b le  o f  i l l u s t r a t i n g  t h e  decay i n  j e t  head v e l o c i t y  a s  t h e  
j e t  r e c e d e d  f r o m  t h e  n o z z l e  e x i t ,  w i t h  an  a c c u r a c y  o f  
a p p r o x i m a t e ly  5-10 p e r c e n t .  Output  s i g n a l s  from t h e  
p h o t o m u l t i p l i e r  and t h e  r e s u l t s  o f  t h e  m easu rem en ts  a r e  
d i s c u s s e d  i n  s e c t i o n  5*4*
(4.2 .4)  Photography o f  t h e  J e t s
S c h l i e r e n  p h o to g r a p h s  were t a k e n  o f  t h e  j e t s  p ro du ced  by 
t h e  w a t e r  cannon u s i n g  t h e  sy s te m  shown in  f i g u r e  (25)• For  a 
t y p i c a l  run t h e  l a b o r a t o r y  was da rkened  and t h e  cam era  s h u t t e r  
opened. An a rg o n  a r c  s p a r k  l i g h t  so u r c e  was t h e n  t r i g g e r e d  a t  
t h e  r e q u i r e d  p o i n t  and t im e  by t h e  p a s s a g e  o f  -the j e t ,  by 
means o f  t h e  im p a c t  o f  t h e  j e t  on a f o r c e - t r a n s d u c e r / s t r i k e r  
a r r a n g e m e n t ,  shown in  f i g u r e  (26). The s t r i k e r  u sed  was a  
match s t u c k  t o  t h e  t o p  o f  t h e  lo a d  w asher  u s i n g  A peizon  *Qf 
compound or  p l a s t i c e n e .  The s t r i k e r  was used  i n  o r d e r  t o  
p r o t e c t  t h e  f o r c e  t r a n s d u c e r  and i t s  c a b l e  from any d i r e c t  
im p a c t  o f  t h e  j e t .  The f o r c e  t r a n s d u c e r  used  was a  K i s t l e r  
t y p e  901A l o a d  w a s h e r .  T h i s  s y s t e m  was f o u n d  t o  g i v e  a 
r e l i a b l e  t r i g g e r i n g  s i g n a l ,  w i t h  p i c t u r e s  p roduced  a t  t h e  
c o r r e c t  s t a g e  o f  t h e  f l o w  p r o c e s s .  T r i g g e r i n g  f rom  a  p r e s s u r e  
t r a n s d u c e r  p l a c e d  i n s i d e  t h e  n o z z l e  was found t o  be 
u n s a t i s f a c t o r y  owing t o  r u n - t o - r u n  v a r i a t i o n  in  t h e  sp e e d  o f  
t h e  ...jet. The a m p l i f i e d  lo a d  w ashe r  s i g n a l  t r i g g e r e d  t h e  seco n d
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t r i g g e r e d  t n e  sparK s o u r c e  a f t e r  a s m a l l ,  p r e s e t ,  t im e  d e l a y .  
The lo a d  w asher  a r r a n g e m e n t  was mounted i n d e p e n d e n t l y  o f  t h e  
w a t e r  cannon i n  o r d e r  t o  p r e v e n t  p r e t r i g g e r i n g  due t o  
v i b r a t i o n .
(4 .2 .5)  B l a s t  M easurem ents
M easurem en ts  were  t a k e n  o f  t h e  a t m o s p h e r i c  a i r - b l a s t  
p r o d u c e d  by t h e  w a t e r  c a n n o n  i n  o r d e r  t o  q u a n t i f y  t h e  n o i s e  
g e n e r a t e d  by t h i s  t y p e  o f  d e v i c e .  The t e c h n i q u e  and a p p a r a t u s  
u sed  was t h a t  d e s c r i b e d  by Edwards and Sm ith  (33)- A d ia g ra m  
o f  t h e  a p p a r a t u s  i s  shown in  f i g u r e  (27). The b a se  o f  t h e  
m oun t ing  a p p a r a t u s  i s  a  m ic rophone  s t a n d .  This  was a d a p t e d  t o  
h o ld  a  t h i n  t u b e  (6mm d i a m e t e r  O.D.) o f  l e n g t h  a p p r o x i m a t e l y  
0.7 m e t r e s .  A t t a c h e d  t o  t h e  end o f  t h e  tu b e  i s  t h e  b l a s t  
gauge i t s e l f ,  t h e  c o n n e c t i n g  c a b l e s  p a s s i n g  t h r o u g h  t h e  b o re  
o f  t h e  t u b e .  The d e s i g n  o f  t h e  m i n i a t u r e  b l a s t  gauge u s e d  i s  
shown i n  f i g u r e  (28) . The p r e s s u r e  t r a n s d u c e r  a c t i n g  a s  t h e  
s e n s i n g  e le m e n t  o f  t h e  b l a s t  gauge i s  an E n t r a n  EPF-200-50  
p r e s s u r e  gauge w i t h  a  maximum rang e  o f  50 p . s . i . .  I t  i s  
c o n n e c te d  t o  t h e  Bryans  t r a n s i e n t  r e c o r d e r  v i a  a  F y ld e  t y p e  
359TA a m p l i f i e r .  T e s t s  have shown t h a t  t h i s  gauge w i l l  
f a i t h f u l l y  f o l l o w  t h e  p r e s s u r e  v a r i a t i o n s  o f  a  b l a s t  and t h a t  
i t  has  on ly  a  s m a l l  e f f e c t  on t h e  i n c i d e n t  shock  (33)* I t  i s ,  
how ever ,  s u b j e c t  t o  a  n a t u r a l  o s c i l l a t i o n  f r e q u e n c y  o f  l e s s  
t h a n  50 kHz. To c o u n t e r  t h e  e f f e c t  o f  v i b r a t i o n s  t h e  
r e c o r d i n g  f r o m  t h e  b l a s t  g a u g e  i s  f i r s t  s t o r e d  on t h e  
t r a n s i e n t  r e c o r d e r  and t h e n  a n a l y s e d  on a  com p u te r .  A f a s t  
F o u r i e r  a n a l s i s  o f  t h e  r e c o r d i n g  may be p e r f o r m e d  and t h e  
n o i s e  e l i m i n a t e d  by rem ov a l  o f  unwanted  f r e q u e n c y  b a n d s  and
37
(4«2.6) J e t  F o rc e  M easurement
I n  o r d e r  t o  e v a l u a t e  t h e  c u t t i n g  p o t e n t i a l  o f  t h e  i m p a c t -  
c u m u l a t i o n  w a te r  cannon,  m easu rem en ts  o f  t h e  f o r c e  t h a t  t h e  
w a t e r  j e t s  i n d u c e d  on a  t a r g e t  w e r e  c a r r i e d  o u t .  T h i s  was 
p e r fo rm e d  u s i n g  t h e  sy s te m  shown in  f i g u r e  (29)» The j e t  i s  
a l l o w e d  t o  i m p i n g e  on a f l a t  m e t a l  p l a t e  m o u n te d  on a  l o a d  
w a sh e r ,  g i v i n g  a d i r e c t  r e a d i n g  o f  f o r c e .  The p l a t e  d i a m e t e r  
and t h e  s t a n d o f f  d i s t a n c e  may be changed to  i n d i c a t e  t h e  
s p r e a d  o f  t h e  j e t .  T h is  a r r a n g e m e n t  i s  i n c a p a b l e  o f  
r e s p o n d i n g  s u f f i c i e n t l y  r a p i d l y  t o  g iv e  t h e  im p a c t  p r e s s u r e ,  
e q u a t i o n  (1 .1) ,  which  l a s t s  f o r  only  a  few m ic r o s e c o n d s ,  b u t  
i t  w i l l  f o l l o w  t h e  ' q u a s i - s t a t i c *  s t a g n a t i o n  p r e s s u r e  c au se d  
by t h e  i m p i n g e m e n t  o f  t h e  h i g h  s p e e d  j e t .  The l o a d  w a s h e r  
u s e d  was a  K i s t l e r  901A f o r c e  t r a n s d u c e r  w i t h  a  t y p e  5001 
a m p l i f i e r  g i v i n g  a d i r e c t  v o l t / N e w t o n  r e a d i n g .  The l o a d  
w ash e r  u sed  was mounted i n d e p e n d e n t l y  o f  t h e  w a t e r  cannon  t o  
p r e v e n t  s p u r i o u s  r e a d i n g s  due t o  v i b r a t i o n .
The f r e q u e n c y  r e s p o n s e  o f  t h e  l o a d  w a s h e r / p l a t e  c o m b i n a t i o n  
was m e a s u r e d  by i m p a c t i n g  a  l o n g  s t e e l  b a r  on t h e  p l a t e .  The 
lo a d  w ash e r  was s u p p o r t e d  by a  s i m i l a r  b a r .  The r e s u l t i n g  
t r a c e  was found t o  be i n  good a g re e m e n t  w i t h  t h a t  p r e d i c t e d  
u s i n g  t h e  o n e - d i m e n s i o n a l  b a r  e q u a t i o n ,  w i t h  on ly  a  s l i g h t  
o s c i l l a t i o n  b e i n g  n o t i c e d .  The r i s e  t i m e  o f  t h e  s y s t e m  was 
found t o  be o f  t h e  o r d e r  o f  40 m ic ro s e c o n d s .  An ex am p le  t r a c e  
from t h e s e  t e s t s  i s  shown i n  f i g u r e  (50). On t h e  b a s i s  o f  
t h e s e  t e s t s  i t  was d e c id e d  t h a t  t h e  l o a d  w a s h e r / p l a t e  
c o m b i n a t i o n  c o u ld  be u sed  a s  a  q u a n t i t a t i v e  m e a s u r i n g  d e v i c e  
f o r  t h e  f o r c e s  e x e r t e d  by t h e  j e t s .
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A s t r a i n  gauge,  (Showa ty p e  N11-FA-S120-11),  was f i x e d  t o  
t h e  o u t e r  w a l l  o f  t h e  w a t e r  p a c k e t ,  20 mtn from t h e  im p a c te d  
end,  so as  t o  m easure  t h e  c i r c u m f e r e n t i a l  s t r a i n .  T h is  was 
c o n n e c te d  t h r o u g h  a  h a l f  W h ea ts tone  b r i d g e ,  a  dummy gauge 
b e in g  used  a s  t h e  o t h e r  arm. The a m p l i f i e r s  u se d ,  F y ld e  ty p e  
559TA, a l s o  p r o v id e d  t h e  b r i d g e  b a l a n c e  u n i t .
An a c c e l e r o m e t e r ,  ( K i s t l e r  ty p e  8042), was mounted on a 
dummy p r e s s u r e  t r a n s d u c e r  p l a c e d  i n  t h e  w a l l s  o f  t h e  w a t e r  
p a c k e t ,  v i a  an e x t e n s i o n  p i e c e ,  i n  o r d e r  t o  m easure  t h e  m o t io n  
o f  t h e  t r a n s d u c e r s .  A d ia g ra m  o f  t h e  p o s i t i o n i n g  o f  t h e  
s t r a i n  gauge,  t o g e t h e r  w i t h  t h e  a c c e l e r o m e t e r  m o u n t in g  i s  
shown in  f i g u r e  (51)• A c c e l e r a t i o n  m easu rem en ts  were  o b t a i n e d  
a t  t r a n s d u c e r  p o s i t i o n s  one and two.  I t  sh o u ld  be n o te d  t h a t  
t h e  m ea su rem en ts  o f  s t r a i n  and a c c e l e r a t i o n  were  n o t ,  h o w e v e r ,  
p e r fo rm e d  t o g e t h e r ,  b u t  on s e p a r a t e  f i r i n g s  o f  t h e  w a t e r  
cannon. The a c c u ra c y  o f  t h e  a c c e l e r a t i o n  m easu rem en t  i s  
a p p r o x i m a t e l y  2 p e r c e n t  and t h e  m easurem ent  o f  t h e  s t r a i n  i s  
a c c u r a t e  t o  w i t h i n  10 p e r c e n t .
(5*1) Im p a c t - c h a m b e r  P r e s s u r e s
(5*1*1) D e s c r i p t i o n  o f  Im p a c t -c h am b e r  P r e s s u r e  R ecords
A t y p i c a l  t r a c e  o f  p r e s s u r e  measured in  t h e  im p a c t  chamber  
u s i n g  a vacuum i n  t h e  b a r r e l  i s  shown in  f i g u r e  (52a) ,  t h e  
p r e s s u r e  b e i n g  m easured  a t  p o s i t i o n  one ( f i g u r e  19)* The s low  
r i s e  and s m a l l  p r e s s u r e s  m easured ,  compared t o  t h o s e  p r e d i c t e d  
by t h e  o n e - d i m e n s i o n a l  t h e o r y ,  s u g g e s t e d  t h a t  some c u s h i o n i n g  
o f  t h e  i m p a c t  was t a k i n g  p l a c e ,  p r o b a b l y  b e c a u s e  o f  g a s  i n  t h e  
b a r r e l  b e i n g  c o m p r e s s e d  i n  f r o n t  o f  t h e  p i s t o n  a s  i t  
app ro ached  t h e  w a t e r .  T h is  gas  i s  assumed t o  have  l e a k e d  p a s t  
t h e  p i s t o n  f rom t h e  d r i v e r  chamber ,  e s p e c i a l l y  d u r i n g  t h e  
e a r l y  p a r t  o f  t h e  p i s t o n  m ot ion  when t h e  p r e s s u r e  d i f f e r e n c e  
a c r o s s  t h e  p i s t o n  i s  g r e a t e s t .  When an a i r  gap was i n c l u d e d  
be tw een  t h e  b a r r e l  and t h e  im p a c t - c h a m b e r ,  t h e  c h a r a c t e r  o f  
t h e  im p a c t - c h a m b e r  w a l l - p r e s s u r e  r e c o r d s  a l t e r e d  
f u n d a m e n t a l l y ,  a s  shown in  a  t y p i c a l  t r a c e  i n  f i g u r e  (52b) .
I t  was found t h a t  t h e  maximum p r e s s u r e  was r a i s e d  t o  a  v a l u e  
a b o v e  t h a t  p r e d i c t e d  by t h e  t h e o r y  and  t h e  r i s e  t i m e  w as  
red u c ed .  An e x a m i n a t i o n  o f  t h e  a lu m in iu m  d ia p h ra g m s  a f t e r  
im p a c t  showed a  f i r m  i m p r i n t  o f  t h e  p i s t o n  f a c e .  ( P r e v i o u s  
ru n s  w i t h  an i n i t i a l l y  e v a c u a t e d  b a r r e l  had shown no su c h  
i m p r i n t s ,  t h e  d iaph ragm  a l s o  b e in g  b a d ly  d e fo rm e d ) .  T h i s  
i n d i c a t e d  t h a t  s h a r p  i m p a c t s  were now o c c u r r i n g .  F i g u r e  (53) 
shows t h e  maximum p r e s s u r e  m easured  w i t h  v a r i o u s  i m p a c t  s p e e d s  
o f  t h e  100 mm a lu m in iu m  p i s t o n ,  i l l u s t r a t i n g  th e  a b o v e -  
m en t ioned  p r e s s u r e s ,  w e l l  i n  e x c e s s  o f  t h a t  i n d i c a t e d  by t h e  
o n e - d i m e n s i o n a l  t h e o r y .  There  i s  a l s o  a d i s t i n c t  d i f f e r e n c e  
b e tw een  t h e  maximum p r e s s u r e  r e c o r d e d  f o r  t h e  s h o r t e s t  
a lu m in iu m  p i s t o n  a t  t h e  h i g h e r  p i s t o n  s p e e d s ,  com pared  t o  t h a t
ju.yj.uu a.riu m ± ±u-s  i,ee± p i s i o n s  a i s o  g e n e r a t e  p r e s s u r e s  above 
t h o s e  p r e d i c t e d  by o n e - d i m e n s i o n a l  t h e o r y ,  a s  may be s e e n  i n  
f i g u r e s  (35) and (36) r e s p e c t i v e l y .  The l a r g e - a m p l i t u d e  
o s c i l l a t i o n  common t o  a l l  o f  t h e  s h a r p - i m p a c t  p r e s s u r e  
h i s t o r i e s  i n  t h e  im p a c t  chamber i s  a l s o  a  n o t a b l e  d e p a r t u r e  
f rom t h e  o n e - d i m e n s i o n a l  t h e o r e t i c a l  p r e d i c t i o n s .  The 
m agn i tude  o f  t h e  p r e s s u r e  peaks  r e c o r d e d  a t  t h e  second  and 
t h i r d  t r a n s d u c e r  s t a t i o n s  v a r i e s  f rom t h a t  r e c o r d e d  a t  t h e  
f i r s t .  The p e r i o d  o f  t h e  p r e s s u r e  o s c i l l a t i o n s  a l s o  c h a n g e s .  
T y p ic a l  r e c o r d s  o f  t h e  p r e s s u r e  m easured  a t  t h e  t h r e e  p r e s s u r e  
s t a t i o n s  a r e  shown i n  f i g u r e  (37). F i g u r e  (38) shows t h e  
maximum p r e s s u r e  r e c o r d e d  a t  t h e  second  and t h e  t h i r d  
t r a n s d u c e r  p o s i t i o n s  f o r  t h e  100 mm a lu m in iu m  p i s t o n  a s  a 
f u n c t i o n  o f  t h e  p i s t o n  im p a c t  v e l o c i t y .  I t  w i l l  be n o t i c e d  
t h a t ,  p a r t i c u l a r l y  f o r  t h e  t h i r d  t r a n s d u c e r  p o s i t i o n ,  t h e  
p r e s s u r e  r e c o r d e d  i s  ve ry  v a r i a b l e  and g e n e r a l l y  h i g h e r  t h a n  
p r e d i c t e d .  I t  sh o u ld  be n o ted  a t  t h i s  s t a g e  t h a t  t h e s e  
p r e s s u r e s  must be t a k e n  i n t o  a c c o u n t  when t h e  d e s i g n  and 
s a f e t y  o f  i m p a c t - c u m u l a t i o n  d e v i c e s  a r e  c o n s i d e r e d .
The h ig h  p r e s s u r e  p h ase  i s  t e r m i n a t e d  by t h e  r e f l e c t i o n  o f  
t h e  i n i t i a l  c o m p r e s s iv e  wave f rom  t h e  f r o n t  o f  t h e  w a t e r .  I t  
i s  n o t i c e a b l e ,  how ever ,  t h a t  a  second  phase  o f  h ig h  p r e s s u r e  
i s  r e c o r d e d  some few m i l l i s e c o n d s  a f t e r  t h e  f i r s t .  T h i s  i s  
shown in  a  t y p i c a l  t r a c e  i n  f i g u r e  (39)-
T h is  se c o n d a ry  p h a se  o f  h ig h  p r e s s u r e  i s  b e l i e v e d  t o  be  
d e r i v e d  from a  second  im p a c t  o f  t h e  p i s t o n .  The p i s t o n  s t i l l  
has  some r e s i d u a l  gas  p r e s s u r e  b e h in d  i t  and i t  p u s h e s  w a t e r  
i n t o  t h e  n o z z l e .  The e f f e c t  i s  t o  p ro d u ce  a  p r e s s u r e - e x t r u s i o n  
p r o c e s s  in  t h e  n o z z l e .  The t i m e  b e tw ee n  t h e  r e g i o n s  o f  h i g h  
p r e s s u r e  v a r i e s  f rom  1.5 t o  3 m i l l i s e c o n d s ,  d e p e n d in g  on t h e  
p i s t o n  m a t e r i a l  and i t s  i n i t i a l  sp eed .  I t  i s  l i k e l y  t h a t  a
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l a t e - t i m e  j e t  v e l o c i t y  mea su remen t s ,  ( see  s e c t i o n  5«5)*
(5*1.2) D i s c u s s i o n  o f  Im p a c t - c h a m b e r  P r e s s u r e s
The o s c i l l a t i o n  o f  p r e s s u r e  in  th e  im p a c t  chamber i s  
a s s o c i a t e d  w i t h  t h e  s h a r p - i m p a c t  mode o f  p i s t o n / w a t e r  en e rg y  
t r a n s f e r ;  n o t  when t h e  im p a c t  i s  c u sh io n e d .  Changing  t h e  
p i s t o n  l e n g t h  does n o t  a l t e r  t h e  p e r i o d  o f  t h e  o s c i l l a t i o n s .  
For t h e  l o n g e s t  a lu m in iu m  p i s t o n  and f o r  t h e  Nylon p i s t o n s  t h e  
p e r i o d i c  t im e  o f  t h e  o s c i l l a t i o n s  i s  w e l l  w i t h i n  t h e  t i m e  
t a k e n  by t h e  i n i t i a l  s t r e s s  wave i n  t h e  p i s t o n s  t o  r e t u r n  t o  
t h e  p i s t o n - w a t e r  i n t e r f a c e .  T h is  i s  c l e a r l y  shown i n  f i g u r e  
(40), t h e  p r e s s u r e  h i s t o r y  f o r  t h e  im p a c t  o f  t h e  200 mm 
a lu m in iu m  p i s t o n  a t  t h e  f i r s t  t r a n s d u c e r  p o s i t i o n .  The 
c o n c l u s i o n ,  t h e n ,  i s  t h a t  t h e  o s c i l l a t i o n s  a r e  n o t  p u r e l y  t h e  
r e s u l t  o f  t h e  l o n g i t u d i n a l  wave m ot ion  w i t h i n  t h e  p i s t o n s ,  
( t h i s  b e in g  t h e  on ly  p r e v i o u s  (24,124)» e x p l a n a t i o n  f o r  t h e  
o c c u r r e n c e  o f  p r e s s u r e  changes  in  t h e  w a t e r  b e f o r e  t h e  r e l i e f  
wave a r r i v e s  f rom t h e  f r o n t  o f  t h e  w a t e r  p a c k e t ) .
I t  i s  a l s o  n o t i c e a b l e  f rom  t h e  p r e s s u r e  r e c o r d s  t h a t  t h e  
p e r i o d  o f  o s c i l l a t i o n s  o f  p r e s s u r e  g e n e r a l l y  va ry  w i t h  t h e  
im p a c t  v e l o c i t y .  The o s c i l l a t i o n  p e r i o d  r e d u c e s  a s  t h e  
v e l o c i t y  i n c r e a s e s .  T h is  i s  shown i n  f i g u r e  (41 ) f o r  t h e  
im p a c t  o f  t h e  50 mm a lu m in iu m  p i s t o n ,  f o r  p r e s s u r e s  r e c o r d e d  
a t  t h e  f i r s t  t r a n s d u c e r  p o s i t i o n .
(5-2.1) D e s c r i p t i o n  o f  Nozzle  P r e s s u r e  Records
The p r e s s u r e s  m easured  in  t h e  n o z z l e  were s i m i l a r  t o  t h o s e  
m easured  and computed by Welsh (1980).  He showed t h e  
e x i s t e n c e  o f  a  second  p r e s s u r e  peak a few hundred  m ic r o s e c o n d s  
a f t e r  t h e  f i r s t .  A t y p i c a l  t r a c e  o f  p r e s s u r e  w i t h  t i m e  i n  t h e  
s h o r t  e x p o n e n t i a l  n o z z l e  i s  shown i n  f i g u r e  (42). M u l t i p l e  
p eaks  o f  p r e s s u r e  a r e  a g a i n  p r e s e n t ,  and a r e  l a r g e r  and more 
numerous t h a n  t h e  above p r e d i c t i o n s .  I t  i s  a l s o  n o t i c e a b l e  
t h a t  t h e s e  se co n d a ry  p eaks  o f  n o z z l e  p r e s s u r e  c o i n c i d e  w i t h  
p eaks  o f  j e t  f o r c e .  T h is  w i l l  be f u r t h e r  d i s c u s s e d  i n  t h e  
s e c t i o n  on j e t  f o r c e  m easu rem en t ,  s e c t i o n  (5-7)- F i g u r e  (43) 
sho w s  t h e  n o z z l e  p r e s s u r e  a s  a  f u n c t i o n  o f  t h e  p i s t o n  
v e l o c i t y ,  and com pares  t h e  e x p e r i m e n t a l  r e s u l t s  w i t h  t h e  
n u m e r i c a l  s tu d y  o f  Rhyming (1972).
(5-2.2) D i s c u s s i o n  o f  N ozzle  P r e s s u r e  Records
The s e c o n d a ry  p e ak s  in  t h e  n o z z l e  p r e s s u r e  a r e  t h o u g h t  t o  
be caused  by s e c o n d a ry  f lo w  p r o c e s s e s  w i t h i n  t h e  w a t e r  p a c k e t .  
These p r e s s u r e  peak s  a r e  a s s o c i a t e d  w i t h  an i n c r e a s e d  f l o w  
v e l o c i t y ,  a s  f o r  t h e  i n i t i a l  p r e s s u r e  r i s e .  M e asu rem en ts  o f  
t h e  f o r c e s  e x e r t e d  by t h e  j e t s ,  u s i n g  t h e  i m p a c t - p l a t e  s y s t e m ,  
show a c l e a r  i n c r e a s e  i n  f o r c e ,  c o i n c i d i n g  w i t h  t h e  s e c o n d a r y  
n o z z l e  p r e s s u r e  peak s .  An exam ple  i s  shown i n  f i g u r e  (44) and 
i s  f u r t h e r  d i s c u s s e d  in  s e c t i o n  5-7. These s e c o n d a r y  
i n c r e a s e s  in  j e t  f o r c e  c o u ld  have an e f f e c t  on m a t e r i a l  
d e s t r u c t i o n  by a  mechanism o f  p r e s s u r i s a t i o n  o f  c r a c k s ,  t h e  
c r a c k s  e i t h e r  e x i s t i n g  in  t h e  m a t e r i a l  a l r e a d y  o r  h a v i n g  b een  
o r i g i n a t e d  by t h e  i n i t i a l  im p a c t  o f  th e  j e t .  The s e c o n d a r y  
p r e s s u r e  peaks  were a rg u e d  (124) t o  be t h e  r e s u l t  o f  a  s e c o n d
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cnamoer p r e s s u r e  do no t  s u p p o r t  t h i s ,  t h e  second  phase  o f  h ig h  
p r e s s u r e  measured  i n  th e  im p a c t  chamber o c c u r r i n g  to o  l a t e ,  
b e i n g  some m i l l i s e c o n d s  a f t e r  t h e  i n i t i a l  p h a se ,  and 
c o r r e s p o n d i n g  t o  t h e  second  phase  o f  h ig h  p r e s s u r e  i n  t h e  
n o z z l e  ( see  f i g u r e  39)- The se con d a ry  p r e s s u r e s  a r e  t h e r e f o r e  
g e n e r a t e d  by t h e  n o z z l e  f lo w  p r o c e s s .
(5-3) C o l l i m a t o r  P r e s s u r e s
(5-3-1) D e s c r i p t i o n  o f  C o l l i m a t o r  P r e s s u r e  R ecords
C o l l i m a t o r  p r e s s u r e s  were  measured  a t  t h e  p o s i t i o n s  
i n d i c a t e d  i n  f i g u r e  (21). A s e r i e s  o f  p r e s s u r e  r e c o r d s  a l o n g  
t h e  l e n g t h  o f  t h e  f i f t h  c o l l i m a t o r ,  ( see  T able  3 ) , i s  shown i n  
f i g u r e  (45)- I t  w i l l  be n o t i c e d  t h a t  t h e  p r e s s u r e  d ro p s  
r a p i d l y  w i t h  t i m e  a t  any g i v e n  s t a t i o n ;  a l s o  t h e  t r e n d  i s  
t o w a rd  a  r ed u ced  h ig h  f r e q u e n c y  c o n t e n t  i n  t h e  s i g n a l s  b e tw e e n  
s t a t i o n s  1 and 3- A p l o t  o f  t h e  maximum p r e s s u r e  a l o n g  t h e  
c o l l i m a t o r s  i s  shown in  f i g u r e  (46).
The c o l l i m a t o r  ha s  t h e  e f f e c t  o f  r e d u c i n g  t h e  h i g h  p r e s s u r e  
g e n e r a t e d  i n  t h e  w a t e r  f l o w i n g  th r o u g h  t h e  n o z z l e .  N u m e r i c a l  
r e s u l t s  u s i n g  t h e  l e a k y - l a g r a n g i a n  scheme d e s c r i b e d  e a r l i e r ,  
i n d i c a t e  t h a t  t h i s  p r e s s u r e  r e d u c t i o n  i s  a l m o s t  i m m e d ia t e  once  
t h e  w a t e r  ha s  e n t e r e d  t h e  c o l l i m a t o r .  I t  h a s  been  
e x p e r i m e n t a l l y  shown, how ever ,  f i g u r e  (46),  t h a t  t h i s  i s  n o t  
t h e  c a s e .  The p r e s s u r e  d ecays  w i t h  d i s t a n c e  a l o n g  t h e  
c o l l i m a t o r ,  t h e  decay r a t e  b e i n g  d e p en d en t  on t h e  p r e s s u r e  o f  
t h e  w a t e r  b e f o r e  e n t e r i n g  t h e  c o l l i m a t o r .
The d i s c r e p a n c y  b e tw een  t h e  e x p e r i m e n t a l  and t h e  computed 
r e s u l t s  l i e s  in  t h e  c h o ic e  o f  a z e r o - p r e s s u r e  boundary  
c o n d i t i o n  f o r  t h e  c o m p u t a t i o n s ,  w hereas  th e  a i r  ahead o f  t h e  
w a t e r  i s  r e a l l y  a t  a s u b s t a n t i a l  p r e s s u r e .  On e m e rg in g  from  
t h e  c o n v e r g in g  p o r t i o n  o f  t h e  n o z z l e ,  t h e  f r o n t  o f  t h e  w a t e r  
i s  s u b j e c t  t o  t h e  p r e s s u r e  o f  t h e  a i r  ahead o f  i t .  Any 
s h o r t f a l l  i n  p r e s s u r e  i n  t h i s  a i r  r e l a t i v e  t o  th e  w a t e r  
f o l l o w i n g  c a u s e s  e x p a n s io n  waves t o  t r a v e l  i n t o  t h e  w a t e r  f rom  
t h e  w a t e r / a i r  i n t e r f a c e .  T h is  l e a d s  t o  t h e  r e d u c t i o n  o f  
p r e s s u r e  i n  t h e  w a t e r .  I f  t h e  w a t e r  j e t  i s  s u p e r s o n i c ,  
r e l a t i v e  t o  t h e  w a t e r ,  when i t  em erges  from t h e  c o n v e r g i n g  
p o r t i o n  o f  t h e  n o z z l e  t h e s e  e x p a n s io n  waves w i l l  be washed 
dow ns tream  w i t h  t h e  j e t .  Thus t h e  head o f  t h e  j e t ,  i n  t h i s  
c a s e ,  w i l l  be a t  a  l o w e r  p r e s s u r e  on e m e r g e n c e  t h a n  l a t e r  
p o r t i o n s  o f  th e  j e t ,  which  were u n a f f e c t e d  by t h e  e x p a n s i o n  
waves .
The e f f e c t  o f  t h e  p r e s s u r e  r e d u c t i o n  i n  t h e  w a t e r  i s  t o  
p rod u ce  a  more s t a b l e  j e t  on emergence  from t h e  n o z z l e .  Thus 
b re a k u p  o f  t h e  j e t  b e c a u se  o f  t h e  e f f e c t  o f  t h e  s u r r o u n d i n g  
a i r  w i l l  be d e la y e d  ( s e e  c h a p t e r  (8) f o r  a  d i s c u s s i o n  on j e t  
b re a k u p ) .  T h is  i s  shown t o  be t h e  c a se  by p h o to g r a p h s  t a k e n  
o f  t h e  j e t s  f rom t h e  c o l l i m a t o r s  ( s e c t i o n  5*6), w i t h  t h e  j e t s  
becom ing  more c o h e r e n t  w i t h  i n c r e a s i n g  c o l l i m a t o r  l e n g t h .
The r a t e  o f  d e c a y  o f  t h e  c o l l i m a t o r  p r e s s u r e  d e p e n d s  on t h e  
i n i t i a l  p r e s s u r e  in  t h e  w a t e r ,  and t h e  j e t  speed .  A decay  
e q u a t i o n  f o r  t h e  c o l l i m a t o r  p r e s s u r e ,  f rom f i g u r e  (53)» i s  
g iv e n  by:
- k ( x / l )
Where: P i s  t h e  maximum n o z z l e  p r e s s u r e ,mx r  1
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x i s  t h e  d i s t a n c e  a lo n g  th e  c o l l i m a t o r ,
K i s  a  c o n s t a n t ,  and i s  found from f i g u r e  (46) t o
he a p p r o x i m a t e ly  1.5.
(5*4) P i s t o n  V e l o c i t i e s
As i n d i c a t e d  p r e v i o u s l y  in  s e c t i o n  4*2.2.,  t h e  p i s t o n  
v e l o c i t y  m easurem ent  s y s te m  u s i n g  a  m a g n e t ic  s e n s o r  p ro d u c e d  
c o n s i s t e n t  r e s u l t s .  F ig u r e  (47) shows a c o m p a r iso n  b e tw e e n  
th e  t h e o r e t i c a l  p i s t o n  v e l o c i t y  and t h e  e x p e r i m e n t a l  r e s u l t s  
p l o t t e d  t o  a  b a s e  o f  i n i t i a l  d r i v e r  p r e s s u r e ,  f o r  t h e  50 mm 
a lu m in iu m  p i s t o n .  The f i g u r e  shows t h e  t h e o r e t i c a l  p i s t o n  
v e l o c i t y  f o r  t h e  c a se  o f  a  s t e a d y  e x p a n s io n  o f  t h e  gas  b e h in d
t h e  p i s t o n .  Such an e x p a n s io n  i s  a ssumed,  i n s t e a d  o f  an
u n s t e a d y  e x p a n s io n ,  b e c a u se  o f  t h e  r e l a t i v e l y  l o n g  t i m e  f o r  
t h e  p i s t o n  t o  t r a v e l  a lo n g  t h e  b a r r e l ,  ( a p p r o x i m a t e l y  50 
m i l l i s e c o n d s ) ,  and t h e  m u l t i p l e  w a v e - r e f l e c t i o n s  w h ich  can
o c c u r  i n  t h e  b a r r e l  d u r i n g  t h i s  t i m e .  The g a s  c h a m b e r  w as
3 3r e d u c e d  i n  v o lu m e  f r o m  0.01 508 m t o  0 .0 1 2 4 8  m when t h e
vacuum chamber was added t o  t h e  w a t e r  cannon,  t h i s  r e s u l t i n g
in  a ve ry  s m a l l  r e d u c t i o n  i n  t h e  t h e o r e t i c a l  p i s t o n  v e l o c i t y
f o r  t h e  same b u r s t i n g  p r e s s u r e .
(5*5) J e t - H e a d  V e l o c i t i e s
The maximum j e t  v e l o c i t y  f o r  a  g iv e n  p i s t o n  v e l o c i t y  f o r  
t h e  l o n g  e x p o n e n t i a l  n o z z l e  i s  compared i n  f i g u r e  (48) w i t h  
t h e  t h e o r e t i c a l  j e t  v e l o c i t y  g iv e n  by Rhyming, (1975)> ( s e e  
s e c t i o n  2.1 ). I t  w i l l  be n o t i c e d  t h a t  t h e  r e s u l t s  o b t a i n e d  
u s i n g  a i r  in  t h e  n o z z l e  l i e  s u b s t a n t i a l l y  be low  t h o s e  u s i n g  a  
vacuum i n  t h e  n o z z l e ,  and t h a t  t h e s e  l a t t e r  r e s u l t s  a r e  i n
t h e  e x p e r i m e n t a l  m easurem ent  o f  th e  j e t  head v e l o c i t y  f o r  j e t s  
p roduced  i n  a i r  from t h e  c o n i c a l  n o z z l e .  The r e s u l t s  a r e  
a g a i n  s e en  t o  l i e  somewhat  below th e  t h e o r e t i c a l  r e s u l t s ,  a s  
d e s c r i b e d  above.
A t y p i c a l  o u t p u t  o f  t h e  j e t  v e l o c i t y  m e a su r in g  s y s te m ,  
( s e c t i o n  4*2.5)> i s  shown in  f i g u r e  (50), i n d i c a t i n g  t h e  
amount o f  l i g h t  t r a n s m i t t e d  v i a  t h e  p i n - h o l e s  w i t h  t i m e .  The 
t r a c e  sh o w s  t h e  d e c a y  i n  v e l o c i t y  o f  t h e  h e a d  o f  t h e  j e t  w i t h  
d i s t a n c e  from  th e  n o z z l e  a s  t h e  j e t  s e q u e n t i a l l y  c u t s  o f f  t h e  
l i g h t  f rom t h e  h o l e s .  T h is  decajr i n  v e l o c i t y  i s  p l o t t e d  i n  
f i g u r e  (51) f o r  j e t s  f rom t h e  c o n i c a l  n o z z l e .
V e l o c i ty  m ea su rem en ts  o f  j e t s  p roduced  from t h e  c o n i c a l  
n o z z l e  w i t h  v a r i o u s  l e n g t h s  o f  c o l l i m a t o r  a t t a c h e d  a r e  shown 
i n  f i g u r e  (52 )  a s  a p l o t  o f  maximum v e l o c i t y  w i t h  p i s t o n  
speed .  The enhancem ent  o f  v e l o c i t y  w i t h  c o l l i m a t o r  l e n g t h  i s  
r e a d i l y  a p p a r e n t .  P l o t s  o f  t h e  decay o f  v e l o c i t y  o f  j e t s  
p roduced  by t h e  c o n i c a l  n o z z l e  w i t h  t h e  c o l l i m a t o r s  a t t a c h e d  
a r e  shown i n  f i g u r e  (53).  I t  w i l l  be n o t i c e d  t h a t  t h e  decay  
i n  v e l o c i t y  w i t h  d i s t a n c e  from t h e  n o z z l e  f o r  t h e s e  n o z z l e  
c o n f i g u r a t i o n s  i s  much l e s s  marked t h a n  i s  t h e  c a s e  w i t h  t h e  
s h o r t e r  n o z z l e s .
V e l o c i t y  r e c o r d s  f rom  t h e  l o n g e r  c o l l i m a t o r s  i n d i c a t e d  an 
a c c e l e r a t i o n  o f  t h e  j e t  some d i s t a n c e  from t h e  n o z z l e  e x i t ,  a s  
f i g u r e  (53) s h o w s .  T h is  i s  p r o b a b ly  a s s o c i a t e d  w i t h  t h e  
se c o n d a ry  j e t t i n g - n o t e d  i n  s e c t i o n  5*2.1, which  i s  i t s e l f  
a s s o c i a t e d  w i t h  t h e  s e c o n d a ry  p r e s s u r e  peaks  i n  t h e  n o z z l e .
In  l a t e - t i m e  v e l o c i t y  m ea su re m e n ts ,  a  se co n d a ry  j e t  was 
n o t i c e d ,  some t e n s  o f  m i l l i s e c o n d s  a f t e r  t h e  f i r s t  j e t .  The 
second  j e t  was c o m p l e t e l y  s e p a r a t e  f rom t h e  f i r s t  j e t  a s  shown 
by t h e  p h o t o m u l t i p l i e r  r e c o r d  in  f i g u r e  (54). I t  w i l l  be 
n o t i c e d  f r o m  t h i s  r e c o r d  t h a t  t h e  s e c o n d  j e t  a l s o  h a s  a  h i g h
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M easurem ents  o f  j e t  f o r c e  were n o t ,  however ,  t a k e n  a t  t h i s  
l a t e  t im e .
Runs were  p e r fo rm e d  w i t h  t h e  b a r r e l  o f  t h e  w a te r  cannon 
c o m p l e t e ly  s e a l e d  and i n i t i a l l y  f u l l  o f  a t m o s p h e r i c  a i r .
Under t h e s e  c i r c u m s t a n c e s ,  h ig h  j e t  v e l o c i t i e s  ( i . e .  > 500 
m/s)  were  a t t a i n a b l e  a t  q u i t e  modest  i n i t i a l  d r i v e r  p r e s s u r e s  
( e .g .  < 0 .2 7  MN/m . (40  p . s . i . ) ) .  M o r e o v e r  t h e  p r e s s u r e s  i n  
t h e  im p a c t  chamber ,  when o p e r a t i n g  u n d e r  t h e s e  c o n d i t i o n s  
rem a ined  s u f f i c i e n t l y  low t h r o u g h o u t  t h e  run  t o  p r e v e n t  
t r i g g e r i n g  o f  t h e  t r a n s i e n t  r e c o r d e r ,  and were t h o u g h t  t o  be  
on ly  a few a tm o s p h e r e s .  The j e t  v e l o c i t y  rem a in e d  h ig h  o ve r  a  
s t a n d o f f  o f  a p p r o x i m a t e l y  f i v e  i n c h e s ,  (15 n o z z l e  e x i t  
d i a m e t e r s ) ,  b e f o r e  any s l o w i n g  was n o te d .  F i g u r e  (55) shows 
t h e  r e s u l t s  o f  two t e s t s  u n de r  t h e s e  c o n d i t i o n s .  The h ig h  
v e l o c i t i e s  a s s o c i a t e d  w i t h  t h i s ,  s e a l e d ,  w a te r  cannon ,  and t h e  
low p r e s s u r e s  g e n e r a t e d  i n  t h e  im p a c t  chamber a r e  e n c o u r a g i n g  
f o r  t h e  d e s ig n  o f  a p r a c t i c a l  w a t e r  cannon. I t  i s  t h o u g h t  
t h a t  c o m p r e s s i o n  o f  a i r  i n  f r o n t  o f  t h e  p i s t o n  c a u s e s  a 
r e l a t i v e l y  s low  a c c e l e r a t i o n  o f  t h e  w a t e r  i n t o  t h e  n o z z l e .  I n  
t h i s  way c o n d i t i o n s  a r e  app ro a ch e d  which  more c l o s e l y  m atch  
t h a t  o f  th e  i d e a l  moving w a t e r  p a c k e t  d i s c u s s e d  i n  c h a p t e r  
(2 ).
A nother  p o i n t  o f  n o t e  i s  t h a t  t h e  n o i s e  g e n e r a t e d  by t h e  
w a t e r  cannon u s i n g  t h i s  s e a l e d  b a r r e l  s y s te m  was much l e s s  
t h a n  w i t h  t h a t  u s i n g  an a i r  v e n t .
(5*6) J e t  P h o to g ra p h s
P l a t e  (2)  sh o w s  t h e  d e v e l o p m e n t  o f  t h e  b l a s t  wave an d  a i r  
j e t  p r e c e d i n g  t h e  w a t e r  j e t  f rom t h e  n o z z l e .  The s h o c k -
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n o z z l e s .  The p i c t u r e s  show t h a t  t h e  j e t s  b reak  up r a p i d l y  
a f t e r  l e a v i n g  t h e  n o z z l e .  P l a t e  (4) shows, f o r  t h e  c a s e  o f  
t h e  s h o r t  e x p o n e n t i a l  n o z z l e ,  t h e  improvement  in  j e t  c o h e re n c e  
p roduced  by e v a c u a t i o n  o f  t h e  n o z z l e  p r i o r  t o  f i r i n g .  The 
a t t a c h e d  'bow s h o c k s ’ a r e  c l e a r l y  v i s i b l e  in  t h i s  c a s e ,  
c o n f i r m i n g  a  s u p e r s o n i c  speed  r e l a t i v e  t o  a t m o s p h e r i c  a i r .  
PLate  (3 c ,d )  shows th e  j e t s  p roduced  by th e  l o n g  e x p o n e n t i a l  
n o z z l e  and by t h e  c o n i c a l  n o z z l e  w i t h  a c o l l i m a t o r  a t t a c h e d .  
The c o h e re n c e  o f  t h e  j e t s  i s  s e en  t o  be improved when compared 
t o  t h e  j e t s  from t h e  s h o r t e r  n o z z l e s  ( P l a t e  3 a , b ) .  The 
p l a t e s  a l s o  show t h a t  t h e  a i r  j e t  a h e a d  o f  t h e  w a t e r  i s  
o v e r t a k e n  by t h e  w a t e r  . P l a t e  (5) shows t h e  d e v e lo p m e n t  o f  
t h e  j e t  p r o d u c e d  by t h e  c o n i c a l  n o z z l e  w i t h  one  o f  t h e  l o n g e s t  
c o l l i m a t o r s  a t t a c h e d ,  ( c o l l i m a t o r  number 5, T ab le  3)» I t  w i l l  
be n o t i c e d  t h a t  t h e  j e t  u n d e rg o e s  a  v i o l e n t  d i s r u p t i o n  a s h o r t  
t im e  a f t e r  i t  emerges  f rom t h e  n o z z l e .  There  i s  a  s e c o n d a r y  
c o m p r e s s io n  o f  t h e  a i r  a round  t h e  j e t  a s  shown in  p l a t e  (5 c) ,  
i n d i c a t i n g  t h a t  t h e  d i s r u p t i o n  i s  r a p i d .  The i n i t i a l  j e t  
a p p e a r s  t o  be q u i t e  c o h e r e n t  and s t a b l e ,  however ,  a s  shown in  
p l a t e  (5 b). The s e c o n d a ry  b rea k u p  i s  t h o u g h t  t o  be c a u s e d  by 
t h e  e m e r g e n c e  o f  a  h i g h  v e l o c i t y  p o r t i o n  o f  t h e  j e t ,  w h i c h  
s t r i k e s  t h e  s l o w e r  moving w a t e r  ahead  o f  i t ,  t h u s  c a u s i n g  
r a d i a l  m o t ion  o f  t h e  w a t e r .  T h is  se c o n d a ry  j e t t i n g  o c c u r s  
some 300-500 m ic ro s e c o n d s  a f t e r  d i s c h a r g e  o f  t h e  w a t e r ,  w h ic h  
a g r e e s  w i t h  t h e  e s t i m a t e d  t i m e  o f  d i s r u p t i o n  f rom t h e  
p h o to g r a p h s .  Semko (109) a l s o  n o te d  t h a t  i m p u l s i v e  j e t s  w e re  
s u b j e c t  t o  d i s r u p t i o n  a s s o c i a t e d  w i t h  t h e  v a r y i n g  s p e e d s  o f  
d i s c h a r g e  o f  v a r i o u s  p o r t i o n s  o f  t h e  j e t .
See c h a p t e r  (8) f o r  a d i s c u s s i o n  on t h e  b rea k u p  o f  t h e  j e t s .
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F ig u r e  (56) shows t y p i c a l  p l o t s  o f  t h e  f o r c e  r e g i s t e r e d  by 
t h e  l o a d - w a s h e r / p l a t e  a r r a n g e m e n t  d e s c r i b e d  in  s e c t i o n  4-2.6. .  
I t  shows t h e  change in  t h e  c h a r a c t e r  o f  th e  f o r c e  m easured  
w i th  s t a n d o f f  d i s t a n c e  f o r  t h e  36mm im p a c t  p l a t e ,  w i t h  a i r  i n  
t h e  n o z z l e .
A p l o t  o f  j e t  im p a c t  f o r c e  w i t h  s t a n d o f f  d i s t a n c e  i s  shown 
in  f i g u r e  (57)« The n o z z l e  u sed  was t h e  l o n g  e x p o n e n t i a l  
n o z z l e .  The d rop  i n  j e t  f o r c e  w i t h  d i s t a n c e  i s  r e a d i l y  
a p p a r e n t .  By k e e p i n g  t h e  s t a n d o f f  d i s t a n c e  f i x e d  and by 
v a r y i n g  t h e  im p a c t  p l a t e  d i a m e t e r  a  p l o t  o f  j e t  f o r c e  a g a i n s t  
p l a t e  d i a m e t e r  was p ro du ced ,  f i g u r e  (58).  From b o t h  o f  t h e s e  
f i g u r e s  an i n c r e a s e  i n  j e t  f o r c e  o c c u r s  when t h e  n o z z l e  i s  
e v a c u a t e d  p r i o r  t o  f i r i n g ,  and e s p e c i a l l y  when t h e  j e t  i t s e l f  
i s  d i s c h a r g e d  i n t o  a vacuum. F ig u r e  (59) shows t h e  v a r i a t i o n  
o f  j e t  im p a c t  f o r c e  w i t h  p l a t e  d i a m e t e r .  I t  w i l l  be n o t i c e d  
t h a t  even a t  t h e  s m a l l e s t  s t a n d o f f  d i s t a n c e  o f  t e n  
m i l l i m e t r e s ,  t h e  n in e  m i l l i m e t r e  d i a m e t e r  p l a t e  r e c o r d e d  l e s s  
t h a n  h a l f  o f  t h e  f o r c e  r e c o r d e d  by t h e  l a r g e s t  p l a t e .  T h is  
i n d i c a t e s  t h a t  t h e  j e t  i s  b ro ken  up i n t o  d ro p s  a t  t h i s  
d i s t a n c e ,  t h e r e  b e i n g  no e v id e n c e  o f  a  c e n t r a l  c o r e .  The p l o t s  
a r e  made n o n - d i m e n s i o n a l  w i t h  r e s p e c t  t o  t h e  maximum j e t  
v e l o c i t y  a s  i n d i c a t e d  by t h e  r e s u l t s  o f  s e p a r a t e ,  n u m e r i c a l ,  
j e t  v e l o c i t y  s t u d i e s  ( see  s e c t i o n  2.2).
F i g  (48 )  sh o w s  a  p l o t  o f  t h e  maximum j e t  v e l o c i t y  w i t h  
p i s t o n  im p a c t  speed  f o r  t h e  l o n g  e x p o n e n t i a l  n o z z l e .  T h i s  
g i v e s  t h e  maximum j e t  v e l o c i t y  t o  be a p p r o x i m a t e l y  10 t i m e s  
t h e  p i s t o n  im p a c t  speed .  T h is  compares  w i t h  a  f a c t o r  o f  17-6, 
g iv e n  by Rhymings i n c o m p r e s s i b l e  t h e o r y ,  a p p e n d ix  B.
I t  sh o u ld  a l s o  be n o t e d  t h a t  t h e  t h e o r e t i c a l  v e l o c i t y  a t  
t h e  n o z z l e  e x i t  p l a n e  decays  r a p i d l y ,  a s  computed by Edwards  
and Welsh (1978), and by Glenn (1972) and a s  e x p e r i m e n t a l l y
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a p p a r e n t  in  th e  f o r c e  r e c o r d s ,  f i g u r e  (60). A t y p i c a l  
v e l o c i t y  decay from t h e  peak v e l o c i t y  t o  s e v e n ty  p e r c e n t  o f  
t h e  l a t t e r  o c c u p i e s  some 15 m ic ro se c o n d s .  A l though  t h e  r i s e  
t i m e  o f  t h e  t r a n s d u c e r s  i s  v e r y  s m a l l  ( o f  t h e  o r d e r  o f  one  
m ic r o s e c o n d ) ,  t h e  a d d i t i o n  o f  t h e  f o r c e  p l a t e s  t o  t h e  f r o n t  
f a c e  o f  t h e  t r a n s d u c e r  i n c r e a s e s  t h i s  t o  some f o r t y  
m ic r o s e c o n d s ,  a s  d e s c r i b e d  e a r l i e r ,  t h u s  i t  i s  n o t  l i k e l y  t h a t  
t h e  s y s te m  w i l l  r e sp o n d  s u f f i c i e n t l y  r a p i d l y  t o  i n d i c a t e  t h e  
im p a c t  p r e s s u r e ,  which  on ly  l a s t s  f o r  a p p r o x i m a t e l y  2.5 
m ic ro s e c o n d s .  I t  i s  a l s o  l i k e l y  t h a t  t h e  peak s t a g n a t i o n  
p r e s s u r e  f o r c e  w i l l  be m is se d  b e c a u se  o f  t h e  v e ry  s h o r t  
d u r a t i o n  o f  t h e  maximum j e t  v e l o c i t y .  The f o r c e  i s  
p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  v e l o c i t y  so t h a t  t h i s  
i m p l i e s  a s u b s t a n t i a l  l o s s  i n  f o r c e  o u t p u t .  Thus t h e  r e s u l t s  
o f  j e t  f o r c e  sh o u ld  be r e g a r d e d  as  q u a l i t a t i v e  m e a s u r e m e n ts  o f  
t h e  e f f e c t  o f  s t a n d o f f ,  p l a t e  d i a m e t e r  and  a i r  o r  vacuum  i n  
t h e  n o z z l e .  The decay i n  j e t  v e l o c i t y  w i t h  d i s t a n c e  f ro m  t h e  
n o z z l e  e x i t  f o r  j e t s  p r o d u c e d  i n  a i r  was q u i t e  m a r k e d  ( s e e  
s e c t i o n  5»5)» T h is  decay  i n  t h e  j e t  v e l o c i t y  i s  m o s t ly  
r e s p o n s i b l e  f o r  t h e  f a l l  i n  t h e  m easured  f o r c e  w i t h  s t a n d o f f ,  
compared t o  j e t s  p ro d uced  i n  a  vacuum.
The r e l a t i o n s h i p  b e tw ee n  t h e  se c o n d a ry  peaks  o f  n o z z l e  
p r e s s u r e  and j e t  f o r c e  i s  c l e a r l y  shown i n  f i g u r e  (44) ,  a s  
m en t io ned  e a r l i e r .  The p r e s s u r e  p eak s  c o i n c i d e  w i t h  an 
i n c r e a s e  i n  j e t  f o r c e ,  and c o r r e s p o n d  w i t h  an i n c r e a s e  i n  t h e  
l o c a l  j e t  v e l o c i t y .
T h is  v a r i a t i o n  i n  j e t  e x i t  v e l o c i t y  e x p l a i n s  t h o s e  f o r c e  
r e c o r d s  which  show an i n c r e a s e  i n  f o r c e  a t  l o n g  s t a n d o f f .  The 
f a s t e r  w a t e r  c a t c h e s  t h a t  which  has  been  d e c e l e r a t e d  by t h e  
a i r ,  and t h i s  adds  t o  t h e  im p u lse  a t  l o n g  d i s t a n c e s ,  b u t ,  
b e i n g  s e p a r a t e d  i n  t i m e ,  does  n o t  i n f l u e n c e  t h e  f o r c e  r e c o r d s
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The t a s t e r  moving w a t e r  e x i t i n g  l a t e r  m  th e  d i s c h a r g e  
phase  a l s o  c a u s e s  j e t  d i s r u p t i o n  when i t  c a t c h e s  t h e  s l o w e r  
moving w a t e r  ahead o f  i t .  T h is  may be se en  i n  p l a t e  (5*c) f o r  
t h e  j e t s  p r o d u c e d  by t h e  c o n i c a l  n o z z l e  w i t h  t h e  5 t h  
c o l l i m a t o r  a t t a c h e d .
(5*8) W a l l - S t r a i n s  and a c c e l e r a t i o n s  in  t h e  Im pac t-C ham ber
The m o t io n  o f  t h e  w a l l  o f  t h e  im p a c t  chamber was m easu re d  
u s i n g  a  s t r a i n - g a u g e  and an a c c e l e r o m e t e r  as  d e s c r i b e d  in  
s e c t i o n  (4*2.7) i n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  t h i s  
m o t ion  on t h e  p r e s s u r e  t r a n s d u c e r  o u t p u t s .  T y p ic a l  t r a c e s  o f  
t h e  o u t p u t  o f  t h e  s t r a i n  gauge,  t o g e t h e r  w i t h  t h e  p r e s s u r e  
r e c o r d e d  a t  t h e  e q u i v a l e n t  t r a n s d u c e r  p o s i t i o n  a t  t h e  same 
a x i a l  d i s t a n c e  f rom  t h e  im p a c te d  end o f  t h e  im p a c t  chamber  a r e  
shown i n  f i g u r e s  (61 ) and (62). There  i s  no c o r r e s p o n d e n c e  
b e tw een  t h e  s t r a i n  and p r e s s u r e  h i s t o r i e s  and t h e r e f o r e  no 
i m p l i e d  c o n n e c t i o n  b e tw ee n  t h e s e  q u a n t i t i e s .  The s t r a i n  
r e c o r d e d  was compared t o  t h e  s t r a i n  t h e o r e t i c a l l y  g i v e n  by 
t h i c k - c y l i n d e r  t h e o r y  (99) f o r  t h e  im p a c t  p r e s s u r e  r e c o r d e d .  
The c o r r e s p o n d i n g  g rap h  i s  shown i n  f i g u r e  (65)* I t  w i l l  be 
n o t i c e d  t h a t  t h e  s t r a i n  m easured  l i e s  w i t h i n  30 p e r c e n t  o f  
t h a t  p r e d i c t e d ,  a l b e i t  f o r  t h e  l i m i t e d  number o f  c a s e s  and 
r an g e  o f  p r e s s u r e s  t e s t e d .
T y p i c a l  t r a c e s  o f  t h e  a c c e l e r a t i o n  o f  t h e  w a l l s  o f  t h e  
im p a c t  cham ber ,  s e c t i o n  (4*2.7), a r e  shown in  f i g u r e  (64) f o r  
b o th  t h e  f i r s t  and t h e  second  t r a n s d u c e r  m ou n t ing  p o s i t i o n s .  
Again ,  t h e r e  i s  no c o r r e l a t i o n  b e tw ee n  t h e s e  r e a d i n g s  and t h e  
p r e s s u r e  o s c i l l a t i o n s  r e c o r d e d  a t  t h e s e  p o s i t i o n s .  The 
maximum a c c e l e r a t i o n s  a r e  o f  t h e  o r d e r  o f  10,000 g, g i v i n g  a  
c h a rg e  o u t p u t  f rom t h e  t r a n s d u c e r s ,  by way o f  t h e i r
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MN/m^, o r  some one p e r c e n t  o f  t h e  i m p a c t  p r e s s u r e .  The
v e l o c i t y  a t t a i n e d  by t h e  t r a n s d u c e r  may be e s t i m a t e d  from t h e
a c c e l e r a t i o n / t i m e  r e c o r d s  by f i n d i n g  th e  a r e a  ’u n d e r 1 t h e
c u rv e .  T h is  was found  t o  be o f  t h e  o r d e r  o f  0.25 m/s .  T h is
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w i l l  p r o d u c e  a  w a t e r  p r e s s u r e  o f  0 .4  MN/m , on t h e  a s s u m p t i o n  
o f  o n e - d i m e n s i o n a l  r a d i a l  wave m otion .  Again,  t h i s  i s  
n e g l i g i b l e  when compared t o  t h e  im p a c t  p r e s s u r e s  b e in g  
m easured .
(5*9) B l a s t  O v e r p r e s s u r e s  i n  t h e  Atmosphere
The s i g n a l  f rom t h e  m i n i a t u r e  b l a s t  gauge i s  s u b j e c t  t o  
s p u r i o u s  f l u c t u a t i o n s  b e c a u se  o f  m e c h a n ic a l  o s c i l l a t i o n ,  o r  
' r i n g i n g 1, o f  i t s  d iaph ragm .  A t y p i c a l  s i g n a l  i s  shown i n  
f i g u r e  (65a).  The s o l u t i o n  i s  t o  f i l t e r  t h e  o u t p u t  f rom  t h e  
gauges  t o  s u b t r a c t  t h e  h ig h  f r e q u e n c y  n o i s e  a s s o c i a t e d  w i t h  
t h e  v i b r a t i o n s  a s  d e s c r i b e d  p r e v i o u s l y  i n  s e c t i o n  (4*2.5)*
The r e s u l t i n g  f i l t e r e d  s i g n a l  i s  shown i n  f i g u r e  (65b).  The 
f i l t e r e d  s i g n a l  has  t h e  c h a r a c t e r i s t i c  shape  o f  a  b l a s t  wave,  
w i t h  an i n i t i a l  s h a r p  p r e s s u r e  r i s e ,  f o l l o w e d  by a  more 
g r a d u a l  r e d u c t i o n  o f  p r e s s u r e  t o  a  v a lu e  below a t m o s p h e r i c .
The peak o v e r p r e s s u r e  g iv e n  by t h e  f i l t e r e d  o u t p u t  may be u s e d  
t o  f i n d  t h e  a i r  p r e s s u r e  i n s i d e  t h e  n o z z l e  by c o m p a r i s o n  w i t h  
known shock t u b e  d a t a  ( se e  s e c t i o n  9*3)*
(5*10.1) Cushioned and H o n -cu sh ion ed  P i s t o n / W a t e r  I m p a c t
I t  h a s  b e e n  show n t h a t  t h e  s h a r p  i m p a c t  o f  t h e  p i s t o n  on t h e  
w a t e r  p a c k e t  p ro d u c e s  an o s c i l l a t o r y  p r e s s u r e  p u l s e  a t  t h e  
w a l l s  o f  t h e  im p a c t  chamber.  The maximum p r e s s u r e  g e n e r a t e d  
may be s u b s t a n t i a l l y  above t h e  t h e o r e t i c a l ,  o n e - d i m e n s i o n a l  
p r e s s u r e .  I f  t h e  p i s t o n  m ot ion  i s  a i r - c u s h i o n e d  by h a v i n g  a  
c o m p l e t e ly  c lo s e d  b a r r e l ,  t h e n  t h e  p r e s s u r e  g e n e r a t e d  i n  t h e  
i m p a c t  c h a m b e r  c an  be s m a l l ,  l e s s  t h a n  one p e r c e n t  o f  t h e  
p r e s s u r e  c a u s e d  by a  s h a r p  i m p a c t  f o r  a  p i s t o n  v e l o c i t y  o f  
a p p r o x i m a t e l y  f i f t y  m/s .  With a  vacuum o f  3400 N/m . a b s o l u t e  
i n  t h e  b a r r e l ,  t h e  p r e s s u r e  g e n e r a t e d  l i e s  be tw een  t h e  two 
c a s e s  o u t l i n e d  above,  b e in g  a p p r o x i m a t e l y  f o r t y  p e r  c e n t  o f  
t h e  t h e o r e t i c a l  im p a c t  p r e s s u r e ,  i . e .  a  few hundred  
a tm o s p h e r e s .  F ig u r e  (32) shows t h i s  v a r i a t i o n  in  t h e  p r e s s u r e  
f o r  t h e  c a s e s  o f  a i r  o r  vacuum in  t h e  b a r r e l .  The c o n c l u s i o n ,  
t h e r e f o r e ,  i s  t h a t  t h e  v a r i a t i o n  o f  t h e  vacuum in  t h e  b a r r e l ,  
and t h e  p r o v i s i o n  o f  an a i r  gap f o r  t h e  c a s e  o f  a i r  i n  t h e  
b a r r e l ,  e x e r t s  a s t r o n g  i n f l u e n c e  on t h e  p r e s s u r e  h i s t o r y  in  
t h e  im p a c t  chamber.
Comparison o f  t h e  r e s u l t s  o f  j e t  v e l o c i t y  o b t a i n e d  u s i n g  a 
c u sh io n ed  and n o n -c u s h io n e d  im p a c t  shows t h a t  t h e  f o r m e r  
p ro d u ce s  j e t s  which a r e  f a s t e r ,  f o r  t h e  same p i s t o n  v e l o c i t y .  
The m o dera te  p r e s s u r e  deve lop ed  f o r  a r e l a t i v e l y  lo n g  t i m e  
a s s o c i a t e d  w i th  a c u sh io n ed  im p a c t  g i v e s  r i s e  to  a  g r e a t e r  j e t  
v e l o c i t y  t h a n  t h e  h i g h e r ,  o s c i l l a t i n g  p r e s s u r e  t h a t  l a s t s  f o r  
only a few hundred m ic r o s e c o n d s ,  a r i s i n g  from a s h a r p  i m p a c t .  
Also,  by i n t r o d u c i n g  a s u b s t a n t i a l  o s c i l l a t i o n  in  t h e  w a t e r  
p a c k e t  p r e s s u r e ,  and t h e r e f o r e  a v a r i a t i o n  in  th e  v e l o c i t y  o f  
s e c t i o n s  o f  th e  w a t e r  p a c k e t ,  t h e  s h a r p  im p a c t  d e t r a c t s  f rom  
th e  i d e a l ,  u n i fo rm  p r o f i l e s  o f  p r e s s u r e  and v e l o c i t y ,  o f  a
p r e s s u r e s  t h a t  a r e  h i g h e r  th an  th e  cu sh io n ed  c a s e  t h e  im p a c t  
o f  t h e  p i s t o n  w i l l  d e t r a c t  from t h e  k i n e t i c  energy  t r a n s f e r r e d  
t o  t h e  w a t e r  by e x c e s s i v e  c o m p re s s io n  and h e a t i n g  o f  t h e  
w a t e r .  S p a l l a t i o n  o f  t h e  l e a d i n g  edge o f  t h e  w a t e r  may a l s o  
o c c u r  f o r  t h e  c a s e  o f  t h e  i m p a c t i n g  p i s t o n  a s  a  r e s u l t  o f  
r e f l e c t i o n  o f  t h e  i n i t i a l  c o m p r e s s iv e  wave from  t h e  f r o n t  o f  
t h e  w a t e r  p a c k e t .  T h is  was n o te d  by Edwards and P a rm er  (32) ,  
d e a l i n g  w i t h  t h e  o n e - d i m e n s i o n a l  wave r e f l e c t i o n s .
I n t e r a c t i o n  w i t h  a n n u l a r  r e l i e f  waves may a l s o  p ro d uce  
s p a l l a t i o n  o f  t h e  f r o n t  o f  t h e  w a t e r ,  a s  h a s  been  p r e v i o u s l y  
d i s c u s s e d .  The n o n - i d e a l  mechanisms d e s c r i b e d  above a r e  a l l  
d e t r i m e n t a l  t o  t h e  p r o d u c t i o n  o f  a h i g h - s p e e d  j e t  and so  t h e  
improved r e s u l t s  o f  maximum j e t  v e l o c i t y  o b t a i n e d  when a 
vacuum i s  u s e d  i n  t h e  b a r r e l ,  and  t h e  i m p a c t  i s  t h e r e b y  
c u s h io n e d ,  may be e x p l a i n e d .
(5-10.2) P r e s s u r e - E x t r u s i o n  E f f e c t
A f t e r  s t r i k i n g  t h e  w a t e r ,  t h e  p i s t o n  i s  s lo w ed  down, and 
may even rebound.  E xcess  gas  p r e s s u r e  b e h in d  t h e  p i s t o n  t h e n  
p ush es  t h e  p i s t o n  and t h e  r e m a in i n g  w a t e r  ahead  o f  i t  t o w a r d s  
t h e  n o z z l e .  In  t h i s  c a s e ,  t h e  f l o w  mechanism becomes 
p r e d o m i n a n t l y  a  p r e s s u r e - e x t r u s i o n  p r o c e s s ,  and may fo rm  a  
se c o n d a ry  j e t ,  w hich ,  a s  has  been  shown p r e v i o u s l y  i n  s e c t i o n
(6.4) may be c o m p l e t e ly  s e p a r a t e  f rom  t h e  f i r s t  j e t .  The t i m e  
o f  d i s c h a r g e  o f  t h i s  second  j e t  depends  on t h e  i n i t i a l  p i s t o n  
v e l o c i t y ,  t h e  p i s t o n  m a t e r i a l ,  t h e  gas  p r e s s u r e  and t h e  sh a p e  
o f  t h e  n o z z l e .  The seco n d  j e t  p roduced  by a  s h o r t  e x p o n e n t i a l  
n o z z l e ,  f o r  e x a m p l e ,  w i t h  an  a l u m i n i u m  p i s t o n  a t  a  s p e e d  o f  50 
m /s ,  o c c u r r e d  some f i f t e e n  m i l l i s e c o n d s  a f t e r  t h e  f i r s t  j e t .
The p r e s s u r e - e x t r u s i o n  p r o c e s s  d e s c r i b e d  above g e n e r a t e s
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th ro u g h  t h e  n o z z l e .  The p r e s s u r e  changes  a s s o c i a t e d  w i t h  t h e  
wave m o t io n s  c o n s t i t u t e  t h e  second  phase  o f  h ig h  p r e s s u r e  
shown in  f i g u r e  (39)-
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(6.1) O n e - d im e n s io n a l  Wave-motion th e o r y
As i n d i c a t e d  p r e v i o u s l y  i n  t h e  i n t r o d u c t i o n ,  t h e  im p a c t  o f  
t h e  moving p i s t o n  on t h e  w a te r  in  t h e  im p a c t  chamber w i l l  
g e n e r a t e  w a te r -h am m er  p r e s s u r e s .  The p r e s s u r e  r i s e  w i l l  c a u s e  
s t r e s s  waves t o  t r a v e l  th r o u g h  t h e  w a t e r ,  t h e  p i s t o n  and t h e  
w a l l s  o f  t h e  im p a c t  chamber .  The m o t io n  t h a t  i s  i m p a r t e d  t o
t h e s e  by t h e  p a s s a g e  o f  t h e  waves i s  s u b s e q u e n t l y  a l t e r e d  by
wave r e f l e c t i o n  f rom  b o u n d a r i e s ,  t h e  c o n t i n u i n g  m o t io n  o f  t h e  
p i s t o n  ( i f  any) and t h e  i n t e r a c t i o n  be tw een  t h e  w a t e r ,  im p a c t  
chamber and t h e  p i s t o n .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e  p r e s s u r e  
i n  t h e  w a t e r  w i l l  be  a l t e r e d  by t h e  c o m p r e s s i o n  o f  t h e  a i r  i n  
f r o n t  o f  t h e  p i s t o n  b e f o r e  t h e  im pac t .  Indeed  i t  i s  p o s s i b l e
t h a t  t h e  p i s t o n  w i l l  n o t  a c t u a l l y  s t r i k e  t h e  w a t e r .  The
p r e s e n c e  o f  a i r  i n  f r o n t  o f  t h e  p i s t o n  w i l l  be d i s c u s s e d  
f u r t h e r  i n  s e c t i o n  8.4*1*
The o n e - d i m e n s i o n a l  models  used  by Welsh f o r  t h e  b a s i s  o f  
h i s  c o m p u t a t i o n s  i n v o lv e d  t h e  i n t e r a c t i o n s  o f  waves t r a v e l l i n g  
th r o u g h  t h e  w a t e r  and t h e  p i s t o n .  On im p a c t ,  waves would 
t r a v e l  th r o u g h  t h e  p i s t o n  and t h e  w a t e r  i n  a  p l a n e  m anner .
The waves would r e f l e c t  f rom t h e  f r e e  end as  
t e n s i l e / r a r e f a c t i o n  waves and,  d e p en d in g  on t h e i r  r e l a t i v e  
r e t u r n  t i m e s ,  e i t h e r  re d u c e  t h e  p r e s s u r e  a t  t h e  i n t e r f a c e  o r  
s e p a r a t e  t h e  w a t e r  and t h e  p i s t o n .  The f i r s t  o n e - d i m e n s i o n a l  
im p a c t  model u se d  i s  d e f i n e d  i n  a p p e n d ix  C. The m ode ls  
n e g l e c t  b o th  t h e  r a d i a l  o s c i l l a t i o n s  c a u se d  by t h e  p a s s a g e  o f  
t h e  l o n g i t u d i n a l  waves and t h e  r a d i a l  m o t io n  o f  t h e  w a l l s  o f  
t h e  im p a c t  chamber.
M easurem ents  showed t h a t  a  m ajor  o s c i l l a t i o n  o f  p r e s s u r e  
o c c u r s  i n  t h e  im p a c t  chamber ( s e c t i o n  5*1*1)* T h is  
o s c i l l a t i o n  i s  a t  v a r i a n c e  w i t h  t h e  p r e d i c t i o n s  o f  o n e -
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t h e  p o s s i b l e  c a u s e s  o f  t h e s e  o s c i l l a t i o n s .
(6.2)  D e p a r t u r e s  from O n e -d im e n s io n a l  B e h av io u r
(6 .2 .1)  E l a s t i c  Waves i n  t h e  P i s t o n
The e q u a t i o n  f o r  t h e  l o n g i t u d i n a l  s t r a i n  i n  e l a s t i c  b a r s  i s  
w e l l  known (98 ,16)  and i s  g iv e n  by:
( 6 . 1 )
W here :  u i s  t h e  a x i a l  d i s p l a c e m e n t  p a r a l l e l  t o  t h e  a x i s  o f  t h e  
b a r ,  a t  d i s t a n c e  x, 
t  i s  t i m e ,  and 
C0 i s  t h e  wave v e l o c i t y .
T h is  e q u a t i o n  i s  o n e - d i m e n s i o n a l  and t h e r e f o r e  c a n n o t  d e a l  
w i t h  r a d i a l  m o t io n s  o f  t h e  b a r s .  The o s c i l l a t i n g  wake o f  a 
p r e s s u r e  wave, a s  shown a n a l y t i c a l l y  by S k a lak  (110) ,  and 
e x p e r i m e n t a l l y  by D av ies  (29) ,  i s  due t o  t h e  r a d i a l  i n e r t i a  o f  
t h e  b a r .  The p a s s a g e  o f  t h e  l o n g i t u d i n a l  wave s e t s  t h e  b a r  i n  
r a d i a l  m o t io n ,  t h e  r a d i a l  s t r a i n  b e in g  r e l a t e d  t o  t h e  a x i a l  
s t r a i n  by P o i s s o n s  r a t i o .  The th e o r y  o f  Love (79) i s  
a p p l i c a b l e  i n  t h i s  c a s e .  T h is  t h e o r y  a c c o u n te d  f o r  t h e  r a d i a l  
i n e r t i a  o f  b a r s  by a s s u m in g  t h a t  t h e  r a d i a l  d i s p l a c e m e n t ,  v, 
a t  r a d i u s  r  i s  g iv e n  by:
v = -  V r b u / b x  ( 6 .2 )
where:  V i s  P o i s s o n s  r a t i o .
T h is  l e a d s  t o  t h e  e q u a t i o n  o f  m o tion  f o r  t h e  l o n g i t u d i n a l  
s t r a i n  o f  t h e  b a r  (Love page  428):
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b e
where:  k i s  t h e  p o l a r  r a d i u s  o f  g y r a t i o n  o f  t h e  c r o s s e c t i o n .
Conway and Jakubow sk i  (18) g iv e  an e x p r e s s i o n  f o r  t h e  
p r e s s u r e  a t  t h e  i n t e r f a c e  o f  two i d e n t i c a l  i m p a c t i n g  b a r s ,  
based  on t h i s  e q u a t i o n :
F i g u r e  (66) shows t h i s  e q u a t i o n  p l o t t e d  a s  a  f u n c t i o n  o f  t i m e ,  
f o r  a  s t e e l  b a r  0.1 m e t r e s  lo n g ,  0.0762 m e t r e s  d i a m e t e r ,  
i n i t i a l l y  moving a t  1.5 m e t r e s  p e r  secon d .  (The s t e e l  p i s t o n ,  
i m p a c t i n g  on w a t e r  a t  50 m e t r e s  p e r  second  changes  i t s  
v e l o c i t y  by a p p r o x i m a t e l y  1.5 m e t r e s  p e r  s e co n d ,  s e e  A ppendix  
C). The e f f e c t  o f  t h e  r a d i a l  i n e r t i a  t e r m  may be s e e n  a s  t h e  
o s c i l l a t i n g  wake o f  t h e  t h e o r e t i c a l l y  s q u a r e  p r e s s u r e  p u l s e .  
The p e r i o d  o f  t h e  o s c i l l a t i o n s  i s  r e l a t e d  t o  t h e  t i m e  o f  
t r a v e l  o f  w a v e s  a c r o s s  t h e  r a d i u s  o f  t h e  p i s t o n  and  i n  t h i s  
c a s e  i s  a p p r o x i m a t e ly  e i g h t  m ic r o s e c o n d s .  The f i g u r e  a l s o  
i n d i c a t e s  t h a t  t h e  t h e o r e t i c a l  p r e s s u r e  f l u c t u a t i o n s  in d u c e d  
i n  t h e  w a t e r  by t h e s e  r a d i a l  o s c i l l a t i o n s  c o u l d  be a  
s u b s t a n t i a l  f r a c t i o n  o f  t h e  t h e o r e t i c a l  p r e s s u r e .  I t  s h o u l d  
a l s o  be n o te d  t h a t  t h e  maximum p r e s s u r e  p r e d i c t e d  by t h i s
P
Where: t  i s  t i m e ,
L i s  t h e  l e n g t h  o f  t h e  b a r s ,
J J  i s  t h e  d e n s i t y  o f  t h e  b a r s ,  and 
C i s  t h e  s p e e d  o f  so u n d  o f  t h e  b a r s .
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p r e s s u r e  r e c o r d s  do n o t  i n d i c a t e  any c o r r e l a t i o n  be tw een  th e  
above o s c i l l a t i o n s  and t h o s e  e x p e r i m e n t a l l y  o b s e r v e d .
We c an  r e l a t e  t h e  p r e s s u r e  i n d u c e d  i n  t h e  w a t e r  by a 
p e r p e n d i c u l a r  v e l o c i t y  change o f  t h e  s u r f a c e  i n  c o n t a c t  w i t h  
i t ,  A u ,  by t h e  e q u a t i o n :
A h  = a / g  a u  (6.5)
where :  h i s  t h e  p r e s s u r e  head ,
g i s  t h e  g r a v i t a t i o n a l  c o n s t a n t  and
a  i s  t h e  sp eed  o f  sound o f  t h e  l i q u i d .
T h is  e q u a t i o n ,  d e r i v e d  from t h e  o n e - d i m e n s i o n a l  wave 
e q u a t i o n ,  i s  known a s  Jo u k o v sk y ’s f o r m u l a  and i s  d i r e c t l y  
i d e n t i f i e d  w i t h  t h e  w a te r -h am m er  e q u a t i o n  ( e q u a t i o n  1.1).
F i g u r e  (66) shows t h a t  t h e  maximum p r e s s u r e  in d u c e d  a t  t h e  
i n t e r f a c e  o f  two i m p a c t i n g  b a r s  by t h e  r a d i a l  m o t io n  o f  t h e  
s t e e l  p i s t o n  i s  a p p r o x i m a t e l y  one t h i r d  o f  t h e  o n e - d i m e n s i o n a l  
im p a c t  p r e s s u r e .  In  a d d i t i o n  t o  p r o v i d i n g  i n f o r m a t i o n  on the,  , 
p r e s s u r e  a t  t h e  im p a c te d  ends  o f  t h e  b a r s ,  t h e  t h e o r y  o f  
Conway and Jak u bo w sk i  p r e d i c t s  t h e  v e l o c i t y  h i s t o r y  a t  t h e  
f r e e  end o f  a  b a r  t o  which  a  p r e s c r i b e d  im p u l s e  i s  a p p l i e d .  
T h is  v e l o c i t y  v a r i a t i o n  has  been  u sed  t o g e t h e r  w i t h  e q u a t i o n  
6.5 t o  g iv e  an e s t i m a t e  o f  t h e  p r e s s u r e  induced  i n  t h e  w a t e r  
p a c k e t .  T h is  i s  shown i n  f i g u r e  (6 7) .  (See s e c t i o n  5*1*1 f o r  
t h e  e x p e r i m e n t a l l y  o b t a i n e d  p r e s s u r e s  in  t h e  im p a c t  c h am b er ) .  
Thus f o r  t h e  i m p a c t  o f  a  s t e e l  p i s t o n  a t  50 m e t r e s  p e r  s e c o n d ,  
t h e  p r e s s u r e s  g e n e r a t e d  by i t s  r a d i a l  m o t io n  a r e  a p p r o x i m a t e l y  
10 MN/m .,  o r  t e n  t o  f i f t e e n  p e r c e n t  o f  t h e  im p a c t  p r e s s u r e .
There  i s  a g a i n  no c o r r e l a t i o n  be tw ee n  t h e s e  p r e s s u r e s ,  e i t h e r
i n  t e r m s  o f  m agn i tu d e  o r  f r e q u e n c y ,  and t h o s e  o b s e r v e d
(6 .2 .2)  R a d ia l  Motion o f  t h e  Im pact-Cham ber  W al ls
The f i r s t  s t r e s s  wave t r a v e l l i n g  th r o u g h  t h e  w a l l s  o f  t h e  
im p a c t  chamber i s  p roduced  by t h e  i n i t i a l  p r e s s u r e  r i s e  i n  t h e  
w a t e r ,  a t  a  n a r r o w  s e c t i o n  a t  t h e  i m p a c t e d  en d .  The wave 
t r a v e l s  th r o u g h  t h e  w a l l s  o f  t h e  chamber and i s  r e f l e c t e d  f rom  
t h e  f r e e  o u t e r  d i a m e t e r  a s  a t e n s i l e  wave. The c o m p r e s s i v e  
wave a l s o  t r a v e l s  a lo n g  t h e  l e n g t h  o f  t h e  im p a c t  cham ber ,  
o u t s t r i p p i n g  t h e  wave t r a v e l l i n g  th r o u g h  t h e  w a t e r .  A 
s c h e m a t i c  d iag ram  o f  t h e  waves a t  t h i s  s t a g e  i n d i c a t i n g  t h e  
r e l a t i v e  sp e ed s  o f  t h e  waves th r o u g h  t h e  w a t e r  and t h e  s t e e l  
i s  shown in  f i g u r e  (68). The r e s u l t i n g  m otion  o f  t h e  c y l i n d e r  
due t o  t h e  wave movements w i t h i n  i t  i s  complex;  however  an  
e s t i m a t e  o f  t h e  d i s p l a c e m e n t s  may be found by a p p l y i n g  a 
method g iv e n  by Mehta (83)- T h is  s tu d y  examined t h e  m o t io n  o f  
a  t h i n  a n n u l a r  d i s c  s u b j e c t  t o  an i n t e r n a l  s t e p  change  o f  
p r e s s u r e .  A ' d i s c o n t i n u o u s  s t e p '  a n a l y s i s  was p e r f o r m e d ,  
i n v o l v i n g  s p l i t t i n g  t h e  d i s c  i n t o  a number o f  e l e m e n t a l  r i n g s .  
The m asses  and s u r f a c e  a r e a s  o f  each  r i n g  were  c a l c u l a t e d  and 
t h e  m o t io n s  o f  each  found when s u b j e c t  t o  e x t e r n a l  f o r c e s .
The m o t io n s  o f  a d j a c e n t  r i n g s  p roduced  a  s t r a i n  and t h e r e b y  a 
s t r e s s ,  w h i c h  i n  t u r n  was c o n v e r t e d  t o  a  f o r c e  f o r  t h e  n e x t  
s t e p  o f  t h e  c a l c u l a t i o n  and so on. The t im e  s t e p  u se d  was 
r e l a t e d  t o  t h e  s i z e  o f  t h e  r i n g s  by t h e  wave v e l o c i t y .  The 
wave v e l o c i t y  u sed  was t h e  s p h e r i c a l  wave v e l o c i t y  f o r  m i ld  
s t e e l  o f  6000 m/s i n s t e a d  o f  t h e  s l o w e r ,  l o n g i t u d i n a l  o r  ' b a r '
CLv e l o c i t y  o f  5200 m/s (11).  An p r e s s u r e  o f  73*2 MIT/m was 
a p p l i e d  a t  t h e  b o re  o f  t h e  d i s c  f o r  f o r t y  m ic r o s e c o n d s ,  t h i s  
b e in g  t h e  t h e o r e t i c a l  o n e - d i m e n s i o n a l  p r e s s u r e  i m p a r t e d  t o  t h e
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i s  shown in  F i g  (69)* The change in  p r e s s u r e  d e v e lo p ed  in  t h e
w a t e r  due t o  t h e  m o t i o n  o f  t h e  i n n e r  s u r f a c e  o f  t h e  d i s c ,
u s i n g  e q u a t i o n  6.5> i s  shown in  F i g  (70). I t  w i l l  be n o te d
t h a t  t h e  m a g n i tu d e s  o f  t h e  o s c i l l a t i o n  o f  t h e  p r e s s u r e  c au se d
by t h e  m o t i o n  o f  t h e  w a l l s  a r e  n e g l i g i b l e  c o m p a r e d  t o  t h a t  o f
t h e  im p a c t  p r e s s u r e .
The t r a n s d u c e r  i t s e l f  i s  a c c e l e r a t i o n - s e n s i t i v e ,  a l b e i t
£
only  s l i g h t l y ,  (0.015 MN/m / g ) ,  so a  m easurem ent  o f  t h e  m o t io n  
o f  t h e  w a l l s  o f  t h e  im p a c t  chamber was deemed n e c e s s a r y .  
A c c o r d in g ly ,  a  s t r a i n  gauge was f i x e d  t o  t h e  o u t e r  d i a m e t e r  o f  
t h e  chamber and an a c c e l e r o m e t e r  was a t t a c h e d  t o  a  dummy 
p r e s s u r e  t r a n s d u c e r  mounted i n s i d e  t h e  w a l l s  o f  t h e  cham ber  a s  
d e s c r i b e d  p r e v i o u s l y .  The r e s u l t s  c o n f i rm ed  t h e  above 
c o m p u ta t i o n s .
(6 .2 .3)  R a d i a l  Waves i n  t h e  W ater
Three  s e p a r a t e  m echanism s f o r  t h e  g e n e r a t i o n  o f  r a d i a l  
waves w i t h i n  t h e  w a t e r  may be p ro p o se d :
a) Leakage o f  w a t e r  p a s t  t h e  p i s t o n ,
b) R a d i a l  waves g e n e r a t e d  a s  a  r e s u l t  o f  r a d i a l  s t r e s s  r e l i e f  
waves t r a v e r s i n g  t h e  p i s t o n ,  and
c) C u r v a tu r e  o f  t h e  u p s t r e a m  d iaphragm  o f  t h e  w a t e r  p a c k e t  
l e a d i n g  t o  a  n o n - u n i f o r m  i m p a c t  o f  t h e  p i s t o n  on t h e  w a t e r .
Each o f  t h e s e  p o s s i b l e  m echanism s w i l l  be d i s c u s s e d  i n  t h e  
f o l l o w i n g  s e c t i o n s .
a) Leakage o f  w a t e r  p a s t  t h e  p i s t o n  t h r o u g h  t h e  a n n u l a r  gap 
b e tw een  t h e  p i s t o n  and t h e  b o re  o f  t h e  im p a c t  cham ber  may be
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v a lu e  by th e  im p a c t  o f  t h e  p i s t o n .
The waves g e n e r a t e d  w i l l  be e x p a n s iv e  and w i l l  t e n d  t o  
lo w e r  t h e  p r e s s u r e  i n  t h e  w a te r .  When t h e s e  waves meet a t  t h e  
c e n t r e  o f  t h e  w a t e r  t h e y  w i l l  c r e a t e  a  d e e p e r  t r o u g h  o f  low  
p r e s s u r e .  Depending  on t h e i r  i n i t i a l  a m p l i t u d e  a  n e g a t i v e  
p r e s s u r e  may be d e v e lo p ed  which would c au se  t h e  w a t e r  t o  
c a v i t a t e .  The t a p  w a t e r  used  in  t h e  p r e s e n t  t e s t s  c a n n o t  
s u s t a i n  n e g a t i v e  p r e s s u r e s ,  which r e q u i r e s  s t r i n g e n t  
l a b o r a t o r y  c o n d i t i o n s  (12). T h is  p r o c e s s  o f  t h e  g e n e r a t i o n  o f  
c a v i t a t i o n  b u b b l e s  by t h e  i n t e r s e c t i o n  o f  r e l i e f  waves i s  
a n a l o g o u s  t o  t h a t  o c c u r i n g  i n  t h e  i m p a c t  o f  a  d r o p  on a 
s u r f a c e ,  a s  d i s c u s s e d  p r e v i o u s l y .  The p r e s s u r e s  p r e d i c t e d  by 
n u m e r i c a l  s t u d i e s  o f  t h e  c o l l a p s e  o f  c a v i t a t i o n  b u b b le s  show a 
r a p i d  decay o f  p r e s s u r e  w i t h  r a d i a l  d i s t a n c e  f rom t h e  c o l l a p s e  
c e n t r e ,  (55)* The p r e s s u r e s  g e n e r a t e d  by t h e  rebound  o f  t h e  
c o l l a p s i n g  b u b b l e s ,  a l s o  found  i n  n u m e r i c a l  s t u d i e s  (50 ,96 )  
may be g r e a t e r  t h a n  t h e  c o l l a p s e  p r e s s u r e s  and a r e  t h o u g h t  t o  
be a  m ajo r  c o n t r i b u t i o n  t o  c a v i t a t i o n  damage. These 
p r e s s u r e s  a r e  a l s o  l o c a l i s e d  and, a l t h o u g h  sh o c k s  have been  
p h o to g rap h e d  caused  by t h e  c o l l a p s e  and s u b s e q u e n t  r eb ou n d  o f  
c a v i t a t i o n  b u b b l e s ,  (71) ,  no e x p e r i m e n t a l  e v id e n c e  i s  
a v a i l a b l e  which  d i r e c t l y  m easu re s  t h e  p r e s s u r e s  in d u c e d  by 
t h i s  p r o c e s s .  I t  i s  n o t  t h o u g h t  l i k e l y ,  t h e n ,  t h a t  t h e  
c o l l a p s e  and rebound o f  c a v i t a t i o n  b u b b l e s  i s  r e s p o n s i b l e  f o r  
t h e  o b se rv e d  p r e s s u r e  o s c i l l a t i o n s .
b) R a d i a l  p r e s s u r e  w a v e s  may be  g e n e r a t e d  i n  t h e  w a t e r  a s  a  
r e s u l t  o f  t h e  r a d i a l  s t r e s s - r e l i e f  waves t r a v e r s i n g  t h e  
p i s t o n .  These s t r e s s  r e l i e f  waves a l t e r  t h e  m o t io n  o f  t h e  
f r o n t  f a c e  o f  t h e  p i s t o n  w h ic h  i s  i n  c o n t a c t  w i t h  t h e  w a t e r .  
The change i n  s t r a i n  may be s u b s t a n t i a l ;  however  t h e  p e r i o d  o f  
t h e  p r e s s u r e  o s c i l l a t i o n s  g e n e r a t e d  in  t h e  w a t e r  w i l l  be
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p i s t o n .
c) As t h e  p i s t o n  a p p ro a c h e s  t h e  w a t e r  p a c k e t  a i r  i s  
c o m pressed  in  f r o n t  o f  i t .  Using  a  gap t o  v e n t  t h e  a i r  i n  t h e  
b a r r e l  g i v e s  a s h a r p e r  im p a c t ,  however a i r  w i l l  s t i l l  r e m a in  
be tw een  th e  p i s t o n  and t h e  w a t e r ,  and w i l l  be c o m p ressed  
i m m e d ia te ly  b e f o r e  im p a c t .  T h is  p r e s s u r e  r i s e  in  f r o n t  o f  
t h e  w a t e r  w i l l  l e a d  t o  a d e f l e c t i o n  o f  t h e  d iap h ra g m ,  such  
t h a t  i t  becomes concave .  The p i s t o n  w i l l  t h e r e f o r e  c o n t a c t  
t h e  o u t e r  r im  o f  t h e  d iaph ragm  f i r s t  and s u b s e q u e n t l y  i m p a c t  
on t h e  r e m a in d e r ,  i n  a t i m e - s t a g g e r e d  f a s h i o n .  P r e s s u r e  
waves ,  t r a v e l l i n g  f rom  t h e  o u t e r ,  f i r s t - p r e s s u r i s e d  w a t e r  w i l l  
r a i s e  t h e  p r e s s u r e  o f  t h e  w a t e r  i n  t h e  c e n t r e .  The im p a c t  o f  
t h e  p i s t o n  on t h i s  a l r e a d y  p r e s s u r i s e d  w a t e r  w i l l  c r e a t e  
p r e s s u r e s  i n  e x c e s s  o f  t h o s e  p r e d i c t e d  by o n e - d i m e n s i o n a l  
t h e o r y .  T h is  p r o c e s s  i s  a k i n  t o  t h a t  which  g i v e s  t h e  
p r e s s u r e s  g r e a t e r  t h a n  p r e d i c t e d  from t h e  t h e o r y ,  d u r i n g  t h e  
i m p a c t  o f  a  s p h e r i c a l  l i q u i d  d r o p  on a t a r g e t ,  w h i c h  was 
m en t io ned  p r e v i o u s l y .
( 6 . 2 . 4 )  E v a l u a t i o n  o f  t h e  c a u se  o f  t h e  E x p e r i m e n t a l  
P r e s s u r e  O s c i l l a t i o n s  
As m en t ioned  p r e v i o u s l y  t h e  e x p e r i m e n t a l  and t h e o r e t i c a l  
a n a l y s i s  o f  t h e  m o t io n  o f  t h e  w a l l s  o f  t h e  im p a c t  cham ber  
showed t h a t  t h e  p r e s s u r e  o s c i l l a t i o n s  a s s o c i a t e d  w i t h  t h i s  
m o t ion  co u ld  n o t  a c c o u n t  f o r  t h e  o b se rv e d  p r e s s u r e  
o s c i l l a t i o n s .  S i m i l a r l y  c o m p a r is o n  o f  t h e  e x p e r i m e n t a l  
p r e s s u r e  r e c o r d s  w i t h  t h e  r e s u l t s  o f  t h e  computed p r e s s u r e s  
due t o  v i b r a t i o n  o f  t h e  p i s t o n  e l i m i n a t e s  p i s t o n  v i b r a t i o n  a s  
a  c a u se  o f  t h e  p r e s s u r e  f l u c t u a t i o n s .
The r e m a in i n g  e x p l a n a t i o n s  o f  t h e  n o n - i d e a l  b e h a v i o u r  o f
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a s  p r o p o s e d  i n  s e c t i o n  6 .2 .3* .  The f i r s t  o f  t h e s e ,  t h a t  o f  
l e a k a g e  o f  w a t e r  p a s t  t h e  p i s t o n  c a n n o t  a l o n e  be t h e  
e x p l a n a t i o n  f o r  t h e  p r e s s u r e  a n o m a l i e s  a s  t h i s  p r o c e s s  must  
c ause  a p r e s s u r e  r e d u c t i o n  in  t h e  w a t e r ,  w hereas  t h e  p r e s s u r e s  
r e c o r d e d  have been  above t h e  t h e o r e t i c a l  p r e s s u r e s .  The 
second  method o f  g e n e r a t i o n  o f  r a d i a l  waves i n  t h e  w a t e r  was 
by t h e  p a s s a g e  o f  r a d i a l  waves in  t h e  p i s t o n .  I t  h a s  a l r e a d y  
b e e n  n o t e d  t h a t  a  c h a n g e  o f  p i s t o n  m a t e r i a l  d o e s  n o t  a l t e r  t h e  
p e r i o d  o f  o s c i l l a t i o n  o f  t h e  p r e s s u r e ,  t h u s  t h i s  mechanism may 
be d i s c o u n t e d .  The r e m a i n i n g  s u g g e s t i o n  i s  t h a t  o f  a  n o n - f i c t  
im p a c t  b e tw een  t h e  p i s t o n  and t h e  w a t e r ,  d e s c r i b e d  i n  s e c t i o n  
6.2.3, c au sed  by t h e  d e f l e c t i o n  o f  t h e  t h i n  u p s t r e a m  
d iap h ra g m s .  T h is  mechanism was e v a l u a t e d  u s i n g  a  c o m p u te r  
model o f  t h e  im p a c t  b e tw ee n  a  p i s t o n  and a  cu rved  l i q u i d  
s u r f a c e  and i s  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .
6*2.5  Mo d e l l i n g  o f  t h e  Im p a c t  o f  a  P i s t o n  on a 
Curved W ater  S u r f a c e
A .computer model  o f  t h e  p i s t o n - w a t e r  im p a c t  was f o r m u l a t e d  
on t h e  b a s i s  o f  an a x i s y m m e t r i c  v e r s i o n  o f  t h e  F l u x - C o r r e c t e d -  
T r a n s p o r t  (F.C.T) c o d e  due  t o  B o r i s ,  Book e t .  a l .  ( 1 9 7 3 - 1 9 7 6 )  
( 5 ,6 ,7 ) .  I n  common w i t h  o t h e r  f i n i t e  d i f f e r e n c e  c o d e s  F.C.T 
o p e r a t e s  i n  c o n j u n c t i o n  w i t h  a  f l o w  f i e l d  s u b d i v i d e d  i n t o  a  
mesh o f  c e l l s  f o r  which  t h e  e q u a t i o n s  o f  c o n s e r v a t i o n  o f  m ass ,  
momentum and energy  a r e  s o lv e d  r e p e a t e d l y  o ve r  a  s e r i e s  o f  
s m a l l  t im e  s t e p s .  The main a d v a n ta g e  o f  F.C.T. o v e r  o t h e r ,  
s i m i l a r ,  f i n i t e  d i f f e r e n c e  schem es ,  i s  i t s  a b i l i t y  t o  h a n d l e  
sh o c k s  w i t h o u t  undue s m e a r i n g  o f  t h e  shock  f r o n t .  T h is  
f e a t u r e  r e n d e r s  i t  w e l l  s u i t e d  t o  a  t r a n s i e n t  f l o w  o f  t h e  t y p e
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Tne c o m p u t a t i o n a l  mesh i s  shown in  f i g u r e  (71)• The model 
c o n c e n t r a t e s  on r e p r e s e n t i n g  a t i m e - s t a g g e r e d  im p ac t  of. t h e  
p i s t o n  on t h e  w a t e r  and ,  a c c o r d i n g l y ,  i n c o r p o r a t e s  an 
i d e a l i s e d  p i s t o n  o f  i n f i n i t e  l e n g t h .  On im p a c t  w i t h  a  g iv e n  
i n t e r f a c e  c e l l  t h i s  p i s t o n  p ro d u c e s  v e l o c i t y  and d e n s i t y  
changes  a p p r o p r i a t e  t o  o n e - d i m e n s i o n a l  im p a c t  and m a i n t a i n s  
t h e s e  v a l u e s  f o r  t h e  d u r a t i o n  o f  t h e  c a l c u l a t i o n s .  C o n ta c t  
o c c u r s  f i r s t  a t  t h e  o u t e r m o s t  a n n u lu s  and p r o c e e d s  a c r o s s  t h e  
i n t e r f a c e .  The t r u e  r a t e  o f  t h e  r a d i a l  s p r e a d  o f  c o n t a c t  was 
n o t  known and i n  p r a c t i c e  would depend on t h e  p i s t o n  v e l o c i t y  
and  on t h e  d e g r e e  o f  c o n c a v i t y  i n  t h e  w a t e r  s u r f a c e  j u s t  
b e f o r e  im p a c t .  Two r a t e s  o f  s p r e a d  o f  t h e  c o n t a c t  were  
examined i n  t h e  co m p u te r  r u n s ,  a s su m in g  a  maximum d e f l e c t i o n  
o f  t h e  d i a p h r a g m  o f  0 .5  and 2.5 mm.
Computed p r e s s u r e  h i s t o r i e s  a t  each  t r a n s d u c e r  p o s i t i o n  a r e  
shown in  f i g u r e  (72) ,  and a r e  compared w i t h  e x p e r i m e n t a l  
p r e s s u r e  r e c o r d s .  S e v e r a l  o f  t h e  f e a t u r e s  o f  t h e  e x p e r i m e n t a l  
p r e s s u r e  r e c o r d s  were  found  t o  occu r  in  t h e  computed r e s u l t s .  
N o ta b ly ,  a  m a jo r  n o n - u n i f o r m i t y  i n  t h e  p i s t o n - w a t e r  i n t e r f a c e '  
p r e s s u r e  d i s t r i b u t i o n  was found t o  o c c u r ,  w i t h  a  c e n t r e  
p r e s s u r e  o f  more t h a n  d o u b le  t h e  o n e - d i m e n s i o n a l  p r e s s u r e .
Th is  r e s u l t e d  i n  t h e  g e n e r a t i o n  o f  maximum w a l l  p r e s s u r e s  a t  
t h e  f i r s t  t r a n s d u c e r  p o s i t i o n  which  were  w e l l  i n  e x c e s s  o f  t h e  
o n e - d i m e n s i o n a l  p r e s s u r e  and which came w i t h i n  t h r e e  p e r c e n t  
o f  t h e  m easured  v a l u e s .  F u r t h e r m o r e  a  d e f i n i t e  o s c i l l a t i o n  i n  
t h e  w a l l  p r e s s u r e  i s  p r e d i c t e d ,  w i t h  peak s  q u i t e  w e l l  
s y n c h r o n i s e d  w i t h  t h e  e x p e r i m e n t a l  e q u i v a l e n t s .  The p r e d i c t e d  
t r o u g h s ,  however ,  th o ug h  c o r r e c t l y  t im e d ,  a r e  by no means a s  
deep a s  t h o s e  on t h e  m easured  r e c o r d s .  I t  i s  b e l i e v e d  t h a t  
t h e s e  t r o u g h s  a r e  c au se d  by r e l i e f  o f  t h e  h ig h  p r e s s u r e s  by 
t h e  l e a k a g e  o f  w a t e r  p a s t  t h e  i m p a c t i n g  p i s t o n  a s  d e s c r i b e d
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The a r r i v a l  t im e  o f  t h e  p r e s s u r e  r e l i e f  wave from t h e  f r o n t  
o f  th e  w a te r  p a c k e t  was w e l l  p r e d i c t e d  by th e  com pute r  
c a l c u l a t i o n s .
The r i s e  t im e  o f  p r e s s u r e  a t  t h e  f i r s t  t r a n s d u c e r  p o s i t i o n  
i s  i l l u s t r a t e d  f o r  b o th  t h e  0.5 and t h e  2.5 mm o f  i n i t i a l  
c o n c a v i t y .  The l e s s  concave  c a se  g i v e s  a  s h o r t e r  r i s e  t i m e  
b u t  a  s l i g h t l y  l o w e r  peak p r e s s u r e  t h a n  t h e  second  c a s e .
The t i m e - s t a g g e r e d  im p a c t  model has  t h u s  r e p ro d u c e d  s e v e r a l  
o f  t h e  most i m p o r t a n t  f e a t u r e s  o f  t h e  measured  w a l l  p r e s s u r e  
t r a c e s  and r e p r e s e n t s  a  s t r o n g  a rgum ent  i n  f a v o u r  o f  t h e  
u n d e r l y i n g  h y p o t h e s i s .
(6.5) E x p e r i m e n t a l  O n e - d im e n s io n a l  Im pac t
In  o r d e r  t o  c o n f i r m  t h i s  h y p o t h e s i s  t e s t s  were  c a r r i e d  o u t  
w i t h  t h e  u p s t r e a m  d iap h ragm  r e p l a c e d  by a  s h o r t  Nylon p i s t o n ,  
a s  shown i n  f i g u r e  (75a).  The im p a c t  chamber was t u r n e d  
a round  such  t h a t  t r a n s d u c e r  5 became t h e  u p s t r e a m  t r a n s d u c e r .  
T h is  a l l o w e d  t h e  Nylon p i s t o n  t o  be c o m p l e t e ly  i n s e r t e d  i n t o  
t h e  im p a c t  chamber .  The Nylon p i s t o n  l e f t  no r a d i a l  c l e a r a n c e  
b e t w e e n  i t s e l f  and  t h e  w a l l s  o f  t h e  c h a m b e r ,  b e i n g  a  t i g h t  f i t  
i n  t h e  b o r e .  T h i s  p i s t o n  was t h e n  s t r u c k  by t h e  100mm 
a lu m in iu m  p i s t o n  f i r e d  a s  u s u a l .  T y p ic a l  p r e s s u r e  r e c o r d s  
p roduced  by t h i s  a r r a n g e m e n t  a r e  shown i n  f i g u r e  (75b) .  I t  
w i l l  be n o t i c e d  t h a t  t h e  c h a r a c t e r  o f  t h e  p r e s s u r e  h i s t o r i e s  
has  been  s u b s t a n t i a l l y  a l t e r e d  f rom t h o s e  p roduced  u s i n g  a  
d iaphragm  in  f r o n t  o f  t h e  w a t e r .  The p r e s s u r e  h i s t o r i e s  a r e  
more s i m i l a r  t o  t h o s e  e x p e c te d  from  t h e  o n e - d i m e n s i o n a l  
t h e o r y ,  which i s  shown by t h e  dashed  l i n e  in  f i g u r e  (75b) ,  
t h a n  t h e  p r e v i o u s  e x p e r i m e n t a l  p r e s s u r e s .  No e x c u r s i o n s  o f
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t h e r e  i s  no. o s c i l l a t o r y  b e h a v io u r .  These r e s u l t s  t h u s  l e n d  
c o n s i d e r a b l e  w e ig h t  t o  t h e  p roposed  model o f  a  n o n - f l a t  i m p a c t  
o f  t h e  p i s t o n  on t h e  w a t e r  and  s u g g e s t  a m eans  o f  p r o d u c i n g  
o n e - d i m e n s i o n a l  waves i n  t h e  w a te r  p a c k e t .
(7.1) T e s t s  w i t h  Hol low,  W a t e r - F i l l e d  P i s t o n s
As i n d i c a t e d  i n  s e c t i o n  2.2.2,  computed r e s u l t s  have  shown
t h a t ,  f o r  a w a t e r  p a c k e t  t o  no z z l e  l e n g t h  r a t i o  o f  l e s s  t h a n
one,  a  moving w a t e r  p a c k e t  e n t e r i n g  t h e  n o z z l e  p r o d u c e s  a 
f a s t e r  j e t  t h a n  a w a t e r  p a c k e t  s e t  i n t o  m o t i o n  by t h e  i m p a c t  
o f  a  p i s t o n .  The f l u i d  p i s t o n  does no t  p roduce  such  h i g h  
p r e s s u r e s  i n  t h e  im pa c t  chamber  and i s  t h e r e f o r e  i n h e r e n t l y  
s a f e r .  In view o f  t h e s e  a d v a n t a g e s ,  a t t e m p t s  were  made t o  
a c h i e v e  a p r a c t i c a l  r e a l i s a t i o n  o f  t h e  t h e o r e t i c a l  i d e a l  o f  a 
f l u i d  p i s t o n .  Two d i f f e r e n t  app roa che s  were  u se d :  h o l l o w  
p i s t o n s  f i l l e d  w i t h  w a t e r  and p i s t o n s  which pushed w a t e r  i n t o  
t h e  n o z z l e .  The d e s i g n  o f  t h e  ho l l ow  p i s t o n s  i s  shown in  
f i g u r e  (74) ,  t h r e e  t y p e s  b e i n g  used .  The f i r s t  was 
c o n s t r u c t e d  o f  a l u m in iu m ,  w i t h  a  r i g i d  ba se .  The w a t e r  was 
h e l d  i n  p l a c e  by a b r a s s  end  ca p  s c r e w e d  t o  t h e  a l u m i n i u m  
w a l l s  and h o l d i n g  a  t h i n  (0.025 mni) Mylar  d i aph ragm.  The
s h o r t  e x p o n e n t i a l  n o z z l e  was machined t o  p r o v i d e  a  b u f f e r ,
d e s i g n ed  t o  r e t a r d  t h e  h o l l o w  p i s t o n  w h i l e  a l l o w i n g  t h e  w a t e r  
t o  c o n t i n u e  t h r o u g h  t h e  n o z z l e .  I t  was found t h a t  a t  on ly  
mode ra t e  impac t  s pe ed s  t h e  b r a s s  r i n g  became d i s t o r t e d  when 
t h e  p i s t o n  was s t o p p e d .  Va r ious  b u f f e r s  were u se d  i n  an 
a t t e m p t  t o  n u l l i f y  t h i s  p rob l em i n c l u d i n g  a  c o p pe r  ' s p r i n g 1, 
p l a s t i c e n e  and Apeizon 'Qf compound.  The j e t  v e l o c i t i e s  
r e c o r d e d  v a r i e d  c o n s i d e r a b l y  and were  g e n e r a l l y  low.  I t  was  
t h o u g h t  t h a t  a  c o n t r i b u t o r  t o  t h i s  cou ld  be t h e  e f f e c t  o f  t h e  
f i x e d  ba se  o f  t h e  p i s t o n ,  c r e a t i n g  n e g a t i v e  p r e s s u r e s  when t h e  
w a t e r  moved away f r o m  i t .  Thus  t h e  s e c o n d  t y p e  o f  p i s t o n  was  
deve loped .  Thi s  t ook  t h e  form o f  a  t u b u l a r  Nylon w a t e r -  
c a p s u l e  s e a l e d  a t  each  end by a  Mylar  d iaphragm.  E a r l y  r u n s
This  i s  be cause ,  owing t o  t he  s i m i l a r i t y  i n  d e n s i t i e s ,  t h e  
i n e r t i a  f o r c e s  due t o  t h e  Nylon and t h e  w a t e r  p o r t i o n s  
p roduced  p r a c t i c a l l y  e q u a l  base  r e a c t i o n s .  Th i s  i n  t u r n  
en su r ed  t h a t  t h e  d i ap h ra g m s  were n o t  c a l l e d  upon t o  t r a n s f e r  
l o ad  be tween  t h e  w a t e r  and t h e  Nylon when bo th  were  
a c c e l e r a t e d  by t h e  a p p l i e d  p r e s s u r e .
A f t e r  s e v e r a l  r uns  w i t h  t h i s  a r r a n g e m e n t ,  however ,  t h e  
Nylon w a l l s  b roke  and so t h e  t h i r d  p i s t o n  was d e s i g n e d .  T h i s  
c o n s i s t e d  o f  a t u b u l a r  a l um in ium w a t e r - c a p s u l e  w i t h  a  m i l d -  
s t e e l  ba se  which  was an i n t e r n a l  s l i d i n g  f i t  i n  t h e  t u b e .  On 
impa c t  w i t h  t h e  n o z z l e  t h e  a lumin ium t u b e  would be r e t a r d e d  
w h i l e  t h e  ba se ,  a c t i n g  a s  a s econda ry  p i s t o n ,  and t h e  w a t e r  
would c o n t i n u e  moving.  The l e n g t h  o f  t h e  moving ba se  was 
f i x e d  i n  such  a way t h a t  unde r  a x i a l  a c c e l e r a t i o n  t h e  combined 
i n e r t i a  f o r c e s  o f  t h e  s t e e l / w a t e r  column p roduced  a  b a se  
p r e s s u r e  i d e n t i c a l  w i t h  t h a t  c r e a t e d  by t h e  a lu m i n iu m  t u b e .  
Again t h i s  en su re d  t h a t  no d i aphragm f o r c e  was needed  when t h e  
combined a s semb ly  was a c c e l e r a t e d  a x i a l l y .
The r e s u l t  o f  each  o f  t h e s e  t e s t s  i s  shown i n  f i g u r e  (75)  
a s  a  p l o t  o f  p i s t o n  v e l o c i t y  a g a i n s t  j e t  v e l o c i t y .  The f i g u r e  
shows t h a t  t h e  r e s u l t s  o f  j e t  v e l o c i t i e s  a r e  g e n e r a l l y  low i n  
co mp a r i so n  w i t h  t h o s e  o b t a i n e d  t h e o r e t i c a l l y .  As a  r e s u l t  o f  
damage t o  t h e  h o l l o w  p i s t o n s  only a l i m i t e d  number  o f  r u n s  
were  c a r r i e d  ou t .  The v a r i a t i o n  i n  v e l o c i t y  shown on f i g u r e  
(75) cou ld  have a r i s e n  f rom b l o c k a g e  o f  t h e  n o z z l e  by t h e  
u p s t r e a m  d i aphragm.  The main p rob l em was found t o  be 
p r e v e n t i o n  o f  s o l i d / s o l i d  i mp ac t  be tween  t h e  w a l l s  o f  t h e  
p i s t o n s  and t h e  n o z z l e .  Even w i t h  a  b u f f e r  m a t e r i a l  t h e  
energy  o f  t h e  r a p i d l y  moving p i s t o n  was mo s t l y  expended  i n  
d i s t o r t i n g  i t s e l f .  F u r t h e r  work i s  n e c e s s a r y  t o  d e v e l o p  a 
sy s t e m  c a p a b l e  o f  d e l i v e r i n g  a  u n i f o r m  p a c k e t  o f  w a t e r ,  a t
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(7*2) F l u i d  P i s t o n  Dr iven  by a R ig id  P i s t o n
As an  a l t e r n a t i v e  t o  t h e  w a t e r  b e i n g  h e l d  i n  t h e  p i s t o n s  a 
’f r e e 1 p a c k e t  o f  w a t e r  was t h e n  u sed .  Thi s  was a c c e l e r a t e d  
f r o m  r e s t  and  d r i v e n  a l o n g  t h e  b a r r e l  by a  p i s t o n  a c t i n g  on 
t h e  r e a r  f a c e  o f  t h e  w a t e r ,  t h e  p i s t o n  i t s e l f  b e i n g  d r i v e n  by 
gas  p r e s s u r e  a s  u s u a l .
The b a r r e l  o f  t h e  w a t e r  cannon was m o d i f i e d  t o  i n c l u d e  a 
s e c t i o n  a t  t h e  b r e e c h  end which cou ld  ho ld  w a t e r .  Th i s  i s  
shown i n  f i g  (76).  A p i s t o n  was p l a c e d  be tween  t h e  w a t e r  and 
t h e  g a s  c h a m b e r  a s  shown  i n  t h e  f i g u r e ,  s u c h  t h a t  when t h e  
f r o n t  d i aphragm b u r s t  a s  a r e s u l t  o f  i n c r e a s e  i n  gas  p r e s s u r e  
t h e  p i s t o n ,  i t s e l f  a c c e l e r a t i n g  a l o n g  t h e  b a r r e l ,  pu shes  t h e  
w a t e r  i n  f r o n t  o f  i t .  A m ov ing  p a c k e t  o f  w a t e r  t h u s  e n t e r s  
t h e  n o z z l e .
Th is  sy s t e m  overcomes  t h e  p rob l em o f  p i s t o n  damage a s  a  
r e s u l t  o f  c o l l i s i o n  w i t h  t h e  n o z z l e ,  however  i n  t r i a l s
I
i n v o l v i n g  v a r i o u s  t y p e s  o f  d r i v i n g  p i s t o n  t h e  j e t  v e l o c i t i e s  
m e a s u r e d  w e r e  v e r y  l o w .  T h i s  was  a s s u m e d  t o  be  due  t o  t h e  
b r a k i n g  e f f e c t  o f  w a t e r  l e a k i n g  p a s t  e a c h  o f  t h e  v a r i e t y  o f  
p i s t o n  s e a l s  u se d ,  and c r e a t i n g  a l a r g e ,  r e t a r d i n g ,  s h e a r  
f o r c e .  The abse nc e  o f  a  c o n t i n u o u s  l a r g e  a c c e l e r a t i o n  would 
a l l o w  g r a v i t y  t o  c aus e  t h e  i n i t i a l l y  f l a t  w a t e r  f r o n t  t o  s a g  
and t h e  r e s u l t i n g  c o n t a c t  w i t h  t h e  n o z z l e  would be a s y m m e t r i c .
The v a r i o u s  no ve l  s y s t e m s  d e s c r i b e d  above were  t e m p o r a r i l y  
abandoned i n  f a v o u r  o f  c o n v e n t i o n a l  i m p a c t - c u m u l a t i o n ,  p e n d i n g  
t h e  a c q u i s i t i o n  o f  improved  a p p a r a t u s ,  e . g  s u p e r i o r  s l i d i n g  o r  
r o l l i n g  p i s t o n  s e a l s .
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(8.1) P h o t o g r a p h i c  and o t h e r  e v id e n ce  f o r  j e t  b r eakup
and d i s p e r s i o n
P l a t e  (3 a , b )  shows s c h l i e r e n  p i c t u r e s  o f  t h e  j e t s  p roduced  
by t h e  c o n i c a l  n o z z l e  and t h e  s h o r t  e x p o n e n t i a l  n o z z l e  
r e s p e c t i v e l y .  I t  shows t h a t  t h e  j e t s  b r ea k  up r a p i d l y  a f t e r  
l e a v i n g  t h e  n o z z l e s .  The j e t s  f rom t h e  l o n g e r  n o z z l e s ,  
however ,  b r ea k  up l e s s  r a p i d l y  a s  may be s een  by co m pa r in g  
w i t h  p l a t e  (3 c , d ) ,  which  shows t h e  j e t s  p roduced  f rom t h e  
l o n g  e x p o n e n t i a l  n o z z l e .  P i c t u r e s  by Edney (1976) o f  j e t s  
p roduced  by t h e  c u m u l a t i o n  d e v i c e  a t  t h e  C.E.R.A.C. i n s t i t u t e  
show j e t  d i s p e r s i o n  s i m i l a r  t o  t h i s .  Such a r a p i d  b r ea k u p  
i m p l i e s  t h a t  t h e  u s e f u l  damage  t h a t  t h e  j e t  c o u l d  i n f l i c t  on a  
t a r g e t  i s  g r e a t l y  r e du ced ,  as  t h e  g r e a t e s t  damage i s  p roduced  
by a c o h e r e n t  j e t  a t  h i g h  speed .  (The imp ac t  p r e s s u r e  i s  
m a i n t a i n e d  f o r  a  t i m e  r e l a t e d  t o  t h e  c r o s s - s e c t i o n a l  a r e a  o f  
t h e  i m p a c t i n g  j e t ,  and t h e  ’’q u a s i - s t a t i c ” s t a g n a t i o n  p r e s s u r e  
r e l i e s  on a  c o n t i n u o u s  j e t  s t r i k i n g  t h e  t a r g e t ) .  The 
p h o t o g r ap h s  imply  t h a t  t h e  j e t  i s  b roken  i n t o  s m a l l  d r o p l e t s ,  
t h e  damage  e f f e c t  o f  w h i c h  i s  s m a l l ,  f o r  b o t h  o f  t h e  a b o v e  
r e a s o n s ,  compared t o  t h e  unb roken ,  h i g h - s p e e d  j e t .  D r o p l e t  
impac t  on m a t e r i a l s  a t  h i g h  speed ,  i s  w e l l  documented  i n  
s t u d i e s  o f  r a i n  on a i r c r a f t  and t u r b i n e  b l a d e s  (65)*
Edney s u g g e s t e d  t h a t  such  p h o t o g r a p h s  cou ld  be m i s l e a d i n g  
i n  t h a t  t h e r e  may be  a  c e n t r a l  c o r e  o f  c o h e r e n t  w a t e r  
s u r r o u n d e d ,  and o b sc u re d ,  by a sh roud o f  d rops .  Th i s  c o r e
cou ld  be h i g h l y  e f f e c t i v e  f o r  c u t t i n g  p u r p o s e s .  In s u p p o r t  o f
t h i s  p r o p o s a l  Edney n o t e d  an i n i t i a l  f a l l  i n  j e t  v e l o c i t y ,
f o l l o w e d  by an a c c e l e r a t i o n .  Th is  he t ook  t o  be t h e  s t r i p p i n g
o f f  o f  a  c l oud  o f  d r o p l e t s  by t h e  a c t i o n  o f  t h e  s u r r o u n d i n g  
a i r ,  t h e  a p p a r e n t  a c c e l e r a t i o n  b e i n g  caused  by t h e  r e m a i n i n g
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d r o p l e t s  was s a i d ,  (31 ), t o  have been caused  by ’i n s t a b i l i t i e s  
w i t h i n  t h e  j e t '  and t h e  a c t i o n  o f  a erodynamic  f o r c e s  on t h e  
j e t .  The i n s t a b i l i t i e s ,  however ,  were no t  d e f i n e d  and t hey  
a r e  f u r t h e r  d i s c u s s e d  i n  s e c t i o n  8.3« Leach and Walker  (74) 
showed by X-ray pho tog raphy  t h a t  a c o n t i n u o u s  j e t  had t h i s  
sh roud o f  d rops  o b s c u r i n g  a c e n t r a l  co r e .  Fo rce  mea su r eme n t s  
o f  t h e  impac t  o f  t h e  j e t s  p roduced  i n  t h e  p r e s e n t  s t u d y ,  
however ,  a s  d i s c u s s e d  i n  s e c t i o n  5*7, show no i n d i c a t i o n  o f  a 
c e n t r a l  c o r e  and  so  t h e  p r e s e n t  j e t s  a r e  a s s u m e d  t o  h a v e  
b roken  up c o m p l e t e l y .  The b r eakup  o f  c o n t i n u o u s  j e t s  i s  w e l l  
d o c u m e n t e d :  a  u s e f u l  r e v i e w  i s  t o  be f o u n d  i n  a  p a p e r  by 
McCarthy and Mol loy (81).  The mechanisms pu t  f o r w a r d  f o r  t h e  
b r eakup  o f  a c o n t i n u o u s  j e t ,  however ,  such  a s  t h e  g ro w th  o f  
i n s t a b i l i t i e s  w i t h i n  t h e  j e t ,  (Ray le igh  (100)) ,  t a k e  a 
r e l a t i v e l y  l on g  t i m e  t o  d i s t u r b  t h e  j e t  and t h e r e f o r e  c an no t  
e x p l a i n  t h e  ve ry  r a p i d  b r e a k u p  o f  t h e  u n s t e a d y  j e t s  f rom t h e  
w a t e r  cannon.
(8.2)  The e f f e c t  o f  a i r  i n  t h e  n o z z l e  on j e t  v e l o c i t y
The e f f e c t  o f  a i r  i n  t h e  n o z z l e  ha s  been  d i s c u s s e d  i n  
s e c t i o n  2.2.2.  Edney (1976) c o n f i r m e d  t h e  n u m e r i c a l  
c o m p u t a t i o n s  o f  Locher  (80) ,  showing  no d i f f e r e n c e  i n  j e t  
v e l o c i t y  u s i n g  a i r  o r  vacuum i n  t h e  n o z z l e .  I n  c o n t r a s t ,  
Cooley (24) found a d i s t i n c t  d i f f e r e n c e ,  some 20 p e r c e n t ,  i n  
t h e  j e t  v e l o c i t y  de p en d in g  on w h e th e r  a i r  or  vacuum was u se d  
i n  t h e  no z z l e .  C o o l e y ’s v e l o c i t y  measurement  s y s t e m  i n v o l v e d  
t h e  s e q u e n t i a l  b r e a k i n g  o f  two p e n c i l  l e a d s  p l a c e d  i n  t h e  p a t h  
o f  t h e  j e t .
The p r e s e n t  s t ud y  ha s  c on f i r m ed  t h a t  j e t s  p roduced  w i t h  a 
vacuum i n  t h e  n o z z l e  can be s i g n i f i c a n t l y  q u i c k e r  t h a n  j e t s
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i s  t h o u g h t  t o  be a r e s u l t  o f  . the  r educed  d i s p e r s i o n  o f  t h e  j e t  
u s i n g  a  vacuum, t h e  a i r  p r o d u c i n g  l e s s  o f  a d e c e l e r a t i o n  on 
t h e  more r o d - l i k e  j e t .
(8.3) J e t  Breakup Mechanisms
(8.3.1 ) P r e v i o u s l y  Su g ge s t e d  Mechanisms o f  J e t  Breakup
F i e l d  and L e s s e r  (41) gave an e x p l a n a t i o n  f o r  t h e  b r e a k u p  
o f  s u p e r s o n i c  j e t s ,  b a sed  on wave i n t e r a c t i o n  w i t h i n  t h e  body 
o f  t h e  j e t .  C h a r a c t e r i s t i c a l l y , a s m a l l  r e g i o n  o f  t h e  f r o n t  
o f  t h e  j e t  w i l l  have a  h ig h  v e l o c i t y  and a h igh  p r e s s u r e ,  as  
shown i n  f i g  (11) ,  a  p l o t  p roduced  u s i n g  t h e  o n e - d i m e n s i o n a l  
code o f  Edwards and Welsh (1978).  When t h e  l i q u i d  l e a v e s  t h e  
n o z z l e  t h e  c o n s t r a i n i n g  i n f l u e n c e  o f  t h e  n o z z l e  w a l l s  i s  
removed.  I f  t h e  w a t e r  j e t  emerges  a t  s u p e r s o n i c  speed  t h e n  
t h e  r e l i e f  waves t r a v e l l i n g  t h r o u g h  t h e  w a t e r  w i l l  be o f  t h e  
form shown i n  f i g u r e  (77).  Region 4 i s  a  r e g i o n  o f  
i n t e r a c t i o n  be tween  o p p o s i t e l y  moving e x p a n s i o n s  and i s  
p ro ba b l y  c a v i t a t e d .  F i e l d  and L e s s e r  i n d i c a t e d  t h a t ,  w i t h i n  
one n o z z l e  d i a m e t e r ,  an e x p l o s i v e  de co m p r es s i o n  w i l l  o c c u r ,  
w i t h  t h e  j e t  b r e a k i n g  i n t o  s l u g s  o f  a p p r o x i m a t e l y  t h e  same 
s i z e  a s  t h e  n o z z l e  e x i t  d i a m e t e r .  J e t  b r eak up  was a l s o  shown 
t o  occur  some t h i r t y  n o z z l e  e x i t  d i a m e t e r s  downs t r eam o f  t h e  
n o z z l e  e x i t  a s  a  r e s u l t  o f  t h e  g ro wth  o f  T ay l o r  i n s t a b i l i t y .  
This  p r o c e s s  would occu r  w i t h  a l l  w a t e r  j e t s  f i r e d  i n t o  a i r  
and would seem t o  s e t  a  l i m i t  on t h e i r  maximum e f f e c t i v e  
r an ge .
Edney produced  p i c t u r e s  o f  s u p e r s o n i c  j e t s  show ing  t h a t  t h e  
j e t s  p roduced i n  a  vacuum d i s p e r s e  much l e s s  r a p i d l y  t h a n
d r o p l e t s  as  e x p l a i n e d  p r e v i o u s l y ,  t h e  main body o f  t h e  j e t  
r e m a i n i n g  c o h e r e n t .  Pho tographs  t ak en  by F i e l d  and Le s se r  
show a l s o  t h a t  t h e  j e t  p r o d u c e d  i n  a vacuum d o e s  n o t  show any 
imme d ia t e ,  g r o s s  d i s t u r b a n c e .  I t  i s  a p p a r e n t ,  t h e n ,  t h a t  t h e  
p r e s e n c e  o f  a i r  i s  r e q u i r e d  f o r  t h e  very r a p i d  d i s p e r s i o n  o f  
such  j e t s .  We can,  t h e r e f o r e ,  d i s t i n g u i s h  be tween  t h e  b r ea ku p  
o f  a  j e t  and i t s  d i s p e r s i o n .  For j e t s  t o  b r eak  up c o m p l e t e l y  a 
d i s t u r b a n c e  o f  t h e  j e t  and a mechanism f o r  d i s p e r s i o n  a r e  
r e q u i r e d .  Ai r  p r o v i d e s  t h e  d i s p e r s i o n ,  p o s s i b l y  by t h e  Magnus 
e f f e c t  (34) ,  o r  by a  n o n - u n i f o rm  p r e s s u r e  d i s t r i b u t i o n  on t h e  
l e a d i n g  s u r f a c e  o f  t h e  j e t  (4 ), which  l a t t e r  mechanism has  
been found t o  g i v e  t h e  c h a r a c t e r i s t i c  'mushroom1 shape  t o  t h e  
l e a d i n g  edge o f  t h e  u n d i s t u r b e d  j e t .  The Magnus e f f e c t  cou ld  
acco un t  f o r  t h e  r a p i d  r a d i a l  d i s p e r s i o n  o f  t h e  j e t s .  The 
h y p o t h e s i s  (34) i s  t h a t  t h e  o u t e r  p o r t i o n s  o f  t h e  j e t  a c q u i r e  
an i n t e n s e  v o r t i c i t y  d u r i n g  t h e i r  r a p i d  mo t ion  a d j a c e n t  t o  t h e  
n o z z l e  w a l l s .  Given a mechanism f o r  j e t  b r e a k a g e ,  t h e  
r e s u l t i n g  p a r t i c l e s  a t  t h e  edges  o f  t h e  j e t  would a l r e a d y  
p o s s e s s  a  h ig h  a n g u l a r  v e l o c i t y  which ,  cou p l e d  t o  t h e i r  l a r g e  
v e l o c i t y  r e l a t i v e  t o  t h e  a i r  would g e n e r a t e  a  M a g n u s - e f f e c t  
l i f t  d i r e c t e d  r a d i a l l y  o u t wa rd s .
The j e t s  p roduced  by Edney (1976) were  s a i d  t o  be s u b j e c t  
t o  an i n i t i a l  d i s t u r b a n c e ,  which  was no t  d e f i n e d  and wh ich  
produced  t h e  d r o p l e t  sh r ou d ,  t h e  r e m a i n i n g  p a r t  o f  t h e  j e t  
s t a y i n g  r e l a t i v e l y  c o h e r e n t  and a t  a h ig h  v e l o c i t y .
(8.3*2) P r e s e n t  E x p e r i m e n t a l  Ev idence  f o r  J e t  Breakup
V e l o c i t y  mea su re men t s  i n d i c a t e d  t h a t  t h e  w a t e r  j e t s  b e i n g  
p roduced  by t h e  p r e s e n t  work were  s u b s o n i c ,  w i t h  b r ea k u p  o f  
t h e  j e t  o c c u r i n g  very  r a p i d l y  on e x i t  f rom t h e  n o z z l e .  F o r c e
The d i s p a r i t y  be tween  t h e  p r e s e n t  f i n d i n g s  and t h a t  o f  
p r e v i o u s  a u t h o r s  (31>41),  i n  t h a t  s u b s o n i c  j e t s  were  found t o  
be d i s p e r s i n g  r a p i d l y ,  l e d  t o  t h e  e x p l a n a t i o n  o f  j e t  
d i s p e r s i o n  due t o  t h e  Magnus e f f e c t  (34),  d i s c u s s e d  above.  
F u r t h e r  work  showed  t h a t  t h e  r e m o v a l  o f  t h e  a i r  i n  t h e  n o z z l e  
g r e a t l y  improved t h e  c o h e r en c e  o f  t h e  j e t ,  w i t h  t h e  maximum
v e l o c i t y  b e i n g  i n c r e a s e d ,  a s  ment i oned  p r e v i o u s l y .  Thi s
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improvement  i n  c o h e r en c e  may be s een  i n  p l a t e  (4) ,  and t h e  
i n c r e a s e  i n  v e l o c i t y  i n  f i g u r e  (48).  Moreover  t h e  a d d i t i o n  o f  
c o l l i m a t o r s  t o  t h e  end o f  t h e  c o n i c a l  n o z z l e  improved  t h e  
cohe rence  o f  t h e  j e t s .  The Magnus e f f e c t  t h e o r y  co u ld  n o t  
a cco un t  f o r  t h e  improvement  i n  c oh e ren ce  caused  by t h e  vacuum 
i n  t h e  n o z z l e  and by i n c r e a s e  i n  c o l l i m a t o r  l e n g t h  and so  a 
d i f f e r e n t  e x p l a n a t i o n  was soug h t .
(8.3*3) E f f e c t  of  A i r  i n  t h e  Nozzl e  on i n i t i a l
J e t  Breakup
The major  d i f f e r e n c e  be tween  t h e  j e t s  p roduced  i n  t h e  
p r e s e n t  work  and t h o s e  p r o d u c e d  by F i e l d  and L e s s e r  i s  t h e  
p r e s e n c e ,  i n  t h e  p r e s e n t  work,  o f  an a i r  j e t  ahead o f  t h e  
w a t e r  j e t .  F i e l d  and L e s s e r  no t e  t h e  p r e s e n c e  o f  an a i r  shock  
b u t  t r e a t  t h e  a i r  p r e s s u r e  as  n e g l i g i b l e ,  compared t o  t h e  much 
h i g h e r  p r e s s u r e s  i n  t h e  w a t e r ,  f o r  t h e  p u r p o s e s  o f  c a l c u l a t i n g  
t h e  d i s t a n c e  t o  b r eakup .  Pho tog raphs  p r e s e n t e d  by F i e l d  and 
L e s s e r ,  compa r ing  t h e  b r eakup  o f  s u b s o n i c  and s u p e r s o n i c  j e t s ,
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s a i d ,  (41) ,  t o  be a t  a  p r e s s u r e  o f  some 10 MIT/m*., compared t o  
t h e  100 Mil/m . r ange  f o r  t h e  w a t e r .  P l a t e  (2) shows t h e  
e m e r g e n c e  o f  t h e  p r e c e d i n g  a i r  j e t  and b l a s t  a h e a d  o f  t h e  
w a t e r  f rom t h e  s h o r t  e x p o n e n t i a l  n o z z l e .  The c h a r a c t e r i s t i c  
diamond p a t t e r n  o f  shock s  and e x p a n s i o n s  o f  a s u p e r s o n i c  a i r  
j e t  may be c l e a r l y  s e e n .  Thus t h e  wave d i a g r a m  f o r  t h e  a i r  
j e t  may be drawn a s  shown i n  f i g u r e  (78).  Thi s  i s  t h e  
p r e s s u r e  f i e l d  i n t o  which t he  w a t e r  j e t  emerges .  The 
expan s ion  wave t r a v e l l i n g  i n t o  t h e  ( s u b s o n i c )  w a t e r  f rom t h e  
f r o n t  o f  t h e  j e t  t h u s  r e d u c e s  t h e  p r e s s u r e  i n  t h e  w a t e r ,  n o t  
t o  a t m o s p h e r i c ,  bu t  t o  t h e  p r e s s u r e  o f  t h e  a i r  ahead  o f  t h e  
j e t .  The w a t e r  j e t  i s  t h e r e f o r e  a t  a  s u b s t a n t i a l  o v e r p r e s s u r e  
when i t  e m e r g e s  f r o m  t h e  n o z z l e .  I t  i s  c l e a r  t h a t  r e l i e f  
waves f rom t h e  s i d e s  o f  t h e  j e t  w i l l  meet  on t h e  c e n t r e - l i n e  
t o  produce  r e g i o n s  o f  c a v i t a t i o n  i n  a s i m i l a r  manner  t o  t h a t  
d e s c r i b e d  p r e v i o u s l y .  The j e t  w i l l  t h e r e f o r e  be s u b j e c t  t o  a  
s u b s t a n t i a l  d i s t u r b a n c e .  The c o r r e s p o n d i n g  wave d i ag ram i s  
shown i n  f i g u r e  (79)* ?he r a p i d  b r eakup  o f  t h e  p r e s e n t  
s u b s o n i c  j e t s  may t h u s  be a cc ou n t e d  f o r ,  w i t h  s u b s e q u e n t  
r a d i a l  d i s p e r s i o n  o f  t h e  j e t  o c c u r i n g  as  a  r e s u l t  o f  t h e  
f o r c e s  imposed on t h e  a b l a t e d  p a r t i c l e s  by t h e  s u r r o u n d i n g  
a i r .  A s econ da ry  e v e n t  i s  t h a t  t h e  f r o n t  o f  t he  w a t e r  j e t  
w i l l  p a s s  t h r o u g h  r e g i o n s  o f  a l t e r n a t i n g  h ig h  and low 
p r e s s u r e ,  c aused  by t h e  P r a n d t l - M e y e r  e x p a n s i o n  plume o f  t h e  
s u p e r s o n i c  a i r  j e t .  I t  i s  l i k e l y ,  however ,  t h a t  t h e  j e t  w i l l  
be  b r o k e n  by t h i s  t i m e  so  t h a t  t h e  e f f e c t  o f  t h i s  i s  t h o u g h t  
t o  be only minor .
The r a p i d  f a l l  i n  j e t - h e a d  v e l o c i t y  can l e a d  t o  a  f a l s e  
e s t i m a t e  o f  t h e  maximum j e t  v e l o c i t y .  The sy s t e m  d e v i s e d  by 
Cooley (24),  f o r  examp le ,  measured  t h e  t i m e  o f  f l i g h t  be tw e e n
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b e i n g  a f u n c t i o n  of  t h e  i n i t i a l  v e l o c i t y  and t h e  j e t  v e l o c i t y  
decay.  This  may p a r t l y  e x p l a i n  why he found a d i s t i n c t  
d i f f e r e n c e  i n  t h e  j e t s  p roduced  w i t h  and w i t h o u t  a i r  i n  t h e  
n o z z l e .  Edney, on t h e  o t h e r  hand,  found t h e  j e t  v e l o c i t y  f r om 
s u c c e s s i v e  p ho to g r ap h s  o f  t h e  j e t  a s  i t  emerged f rom t h e  
n o z z l e ,  a more a c c u r a t e  method,  which  showed l i t t l e  d i f f e r e n c e  
i n  t h e  maximum v e l o c i t y  o f  j e t s  p roduced  w i t h  a i r  or  vacuum in  
t h e  no z z l e .  P r e s e n t  r e s u l t s  have shown t h a t  t h e  p r e s e n c e  o f  
a i r  i n  t he  n o z z l e  i s  d e t r i m e n t a l  t o  t h e  maximum v e l o c i t y  
a t t a i n a b l e ,  w i t h  a n o t a b l e  improvement  i n  co he r en c e  and 
maximum v e l o c i t y  b e i n g  obse rv ed  u s i n g  vacuum in  t h e  n o z z l e .
Thus t h e r e  i s  c o n f l i c t i n g  e v id e n ce  c o n c e r n i n g  t h e  e f f e c t  o f  
h a v i n g  e i t h e r  a i r  or  a vacuum in t h e  n o z z l e .  The f i r s t  i s  
t h a t  o f  Edney and Locher ,  who found l i t t l e  change i n  j e t  
v e l o c i t y  be tween  e i t h e r  method,  s u p p o r t e d  by t h e  m ea su re m e n t s  
o f  Welsh who found good a g re em e n t  be tween  h i s  e x p e r i m e n t a l  
r e s u l t s  and t h e  computed r e s u l t s .  The second i s  t h a t  o f  
Cooley and t h e  p r e s e n t  i n v e s t i g a t o r  who bo th  found  a 
s i g n i f i c a n t  change i n  t h e  maximum v e l o c i t y .  The p r e s e n t  
i n v e s t i g a t o r  ha s  i d e n t i f i e d  a p o s s i b l e  mechanism f o r  t h e  r a p i d  
s l o w i n g  o f  t h e  j e t s  w i t h  d i s t a n c e  f rom t h e  n o z z l e ;  however  a 
u n i f i e d  t h e o r y  o f  i m p u l s i v e  j e t  b r eakup  i s  g i v en  i n  t h e  
f o l l o w i n g  s e c t i o n .
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(8 .4 .1)  Cushioned and Non-cush ioned  Impac t
The p r e c e d i n g  s e c t i o n  ha s  i n t r o d u c e d  a mechanism,  ba sed  on 
t h a t  f o r  s u p e r s o n i c  j e t s  o f  F i e l d  and Le s se r  (41),  f o r  t h e  
r a p i d  b r eakup  o f  s u b s o n i c  j e t s ;  however  t h i s  i t s e l f  p o se s  a 
d i lemma:  p r e v i o u s  work (124) had p roduced j e t s  t h a t  were
s u b s o n i c  and y e t  had measured  v e l o c i t i e s  c l o s e  t o  t h e  computed  
r e s u l t s  w i t h  a  sy s t em u s i n g  two m e a s u r i n g  s t a t i o n s  t e n  
c e n t i m e t r e s  a p a r t .  The d i s c r e p a n c y  l i e s  i n  t h e  d i f f e r e n t  f l o w  
s t a r t i n g  c o n d i t i o n s  o f  t h e  v a r i o u s  e x p e r i m e n t a l  w a t e r  cannons .  
A c l o s e d ,  e va c u a t e d  b a r r e l  ha s  been  s een ,  ( s e c t i o n  5*1*1 ), t o  
have  g i ven  a c u s h i o n i n g  o f  t h e  imp ac t  be tween  t h e  p i s t o n  and 
t h e  w a t e r ,  t h e  a i r  i n  f r o n t  o f  t h e  p i s t o n  c o m i n g  f r o m  l e a k a g e  
o f  t h e  d r i v e r  gas  p a s t  t h e  p i s t o n .  A c l o s e d  b a r r e l  w i t h  no 
vacuum has  a l s o  been shown t o  g i v e  a  l a r g e  c u s h i o n i n g  e f f e c t ,  
p r e s s u r e s  i n  t h e  impa c t  chamber  b e i n g  ve ry  s m a l l .  The u se  o f  
an  a i r  gap  b e t w e e n  t h e  b a r r e l  and  t h e  w a t e r ,  g i v e s  a  more  
i m p u l s i v e  impa c t ,  ( s e c t i o n  5*1.1)* P h o t o m u l t i p l i e r  r e s u l t s  
have  i n d i c a t e d  ( s e c t i o n  5*5) t h a t  t h e  decay i n  v e l o c i t y  o f  t h e  
j e t s  r e s u l t i n g  f r o m  a  s h a r p  i m p a c t  i s  g r e a t e r  t h a n  t h o s e  o f  a  
cu sh io ne d  impac t ,  whi ch  show l i t t l e  v e l o c i t y  decay c l o s e  t o  
t h e  n o z z l e  e x i t .  Moreover  t h e  p r e v i o u s  r e s u l t s ,  (34 ,124)  
u s i n g  a cu sh io ned  im p a c t  l ay  c l o s e  t o  t h e  t h e o r e t i c a l  r e s u l t s ,  
i n d i c a t i n g  t h a t  t he  decay i n  j e t  v e l o c i t y  was s m a l l  f o r  t h i s  
c a se .  Thus i t  can be co nc lu de d  t h a t ,  a l l  o t h e r  p a r a m e t e r s  
r e m a i n i n g  c o n s t a n t ,  t h a t  a  c u sh i o ne d  impa c t  p ro du ce s  a  j e t  
whose v e l o c i t y  decays  l e s s  r a p i d l y  t h a n  t h a t  p roduced  by a 
sudden  impac t .
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F i g u r e s  (80) and (81 ) show t h e  p i s t o n  and w a t e r  wave 
t r a j e c t o r i e s  and t h e  s t a t e  o f  each r e g i o n  o f  t h e  w a t e r  
r e s p e c t i v e l y ,  based  on o n e - d i m e n s i o n a l  wave mo t ions .  The 
f i g u r e s  show t h a t  t h e  r a r e f a c t i o n s  caused  by t h e  r e f l e c t i o n  o f  
t h e  c om pr e s s iv e  wave f rom t h e  l e a d i n g  edge o f  t h e  w a t e r  p a c k e t  
w i l l  combine w i t h  r a r e f a c t i o n s  t r a n s m i t t e d  f rom t h e  r e a r  o f  
t h e  p i s t o n  t o  p roduce  r e g i o n s  o f  f l u i d  a t  a  c e r t a i n  p r e s s u r e  
and v e l o c i t y ,  w i t h  a  c a v i t a t e d  z o n e  i n  b e tween  t h e  r e g i o n s ,  
(32).  S i m i l a r l y  a n n u l a r  r e l i e f  o f  t h e  h igh  p r e s s u r e s  
g e n e r a t e d  i n  t h e  w a t e r  p a c k e t  a s  d e s c r i b e d  p r e v i o u s l y  may a l s o  
cause  a  r e g i o n  o f  c a v i t a t i o n  w i t h i n  t h e  w a t e r  and c o m b i n a t i o n  
w i t h  t h e  r a r e f a c t i o n  f rom t h e  f r o n t  o f  t h e  w a t e r  w i l l  c au se  
s p a l l a t i o n  o f  t h e  l e a d i n g  edge o f  t h e  w a t e r .  The p o s s i b i l i t y  
o f  s p a l l a t i o n  o f  t h i s  t y p e  ha s  been d e s c r i b e d  p r e v i o u s l y  
(23,78) .  Thus t h e  v e l o c i t y  d i s t r i b u t i o n  o f  t h e  w a t e r  p a c k e t  
on e n t e r i n g  t h e  n o z z l e  w i l l  be f a r  f rom i d e a l .  The n o n - i d e a l  
b e h a v i o u r  i s  a c c e n t u a t e d  by t h e  b u r s t i n g  o f  t h e  d i aph ragm 
a h e a d  o f  t h e  w a t e r :  i t  i s  h i g h l y  i m p r o b a b l e  t h a t  t h e
d i a p h r a g m  w i l l  t e a r  and  f o l d  t o  t h e  w a l l s  so  a s  t o  e x p e l  a l l  
t h e  a i r  f r o m  i t s  v i c i n i t y .  A much more  l i k e l y  o u t c o m e  i s  t h a t  
w a t e r  w i l l  f l ow  t h r o u g h  t h e  r u p t u r i n g  a p e r t u r e ,  l e a v i n g  
p o c k e t s  o f  a i r  t r a p p e d  be h in d  t h e  d i aphragm which w i l l  be 
c o n t i n u o u s l y  f o l d i n g  and which  w i l l  e v e n t u a l l y  e x p e l  t h e  
t r a p p e d  a i r  a s  b u b b l e s  i n t o  t h e  f l o w .  Thi s  a i r  w i l l  t h e n  be 
c a r r i e d  a lo n g  w i t h  t h e  w a t e r .  N eg a t i v e  p r e s s u r e  c aused  by 
i n t e r a c t i o n  o f  e x p a n s i o n  waves would p romo te  t h e  f o r m a t i o n  o f  
b u b b l e s  o f  g a s  t a k e n  o u t  o f  s o l u t i o n  a s  w e l l  a s  f o r m i n g  
c a v i t a t i o n  bu b b l e s .  The r e s u l t  o f  t h e s e  mechani sms  i s  t h a t  
t h e r e  i s  a  r e g i o n  o f  w a t e r  i n  w h i c h  a i r  h a s  b e e n  e n t r a i n e d
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n o z z l e  t h i s  w a t e r  w i l l  be compres sed ,  pu sh in g  a i r  ahead o f  i t  
ou t  o f  t h e  n oz z l e .  Any vapour  i s  l i k e l y  t o  have been 
r eco inp res sed  by t h e  t i m e  t h e  w a t e r  app roa che s  t h e  n o z z l e  e x i t .  
E n t r a i n e d  gas ,  however ,  w i l l  s t i l l  be unde r  h igh  p r e s s u r e  on 
emergence  even i f  i t  emerges  a t  su b s o n i c  speed  as  d e s c r i b e d  i n  
s e c t i o n  8.3*3* I t  w i l l  t h u s  decompres s  r a p i d l y ,  c a u s i n g  a 
d i s t u r b a n c e  o f  t h e  h i g h  speed  j e t  which ,  a c t e d  upon by t h e  
a tm os ph e r e  w i l l  b r ea k  up and g i v e  t h e  l a t e r a l  s p r e a d i n g  s e e n  
i n  p l a t e  (3)* Longer  n o z z l e s ,  w i t h  t h e  same a r e a  r a t i o ,  w i l l  
p r o d u c e  j e t s  w h i c h  a r e  more  c o h e r e n t  a s  a  r e s u l t  o f  t h e  
reduced  d i s t u r b a n c e  o f  t h e  j e t ,  t h e  e n t r a i n e d  a i r  b u b b l e s  
expand ing  t h r o u g h  a s m a l l e r  p r e s s u r e  d i f f e r e n c e .  Th is  
improvement  i n  j e t  co h e r en c e  has  been no t ed  i n  s e c t i o n  5*6.
(8.4*3) E f f e c t  o f  C o l l i m a t o r s  on J e t  Breakup
C o l l i m a t o r s  r educe  t h e  h ig h  p r e s s u r e  o f  t h e  w a t e r  wh ich  was 
g e n e r a t e d  i n  t h e  n o z z l e ,  r e l i e f  waves t r a v e l l i n g  u p s t r e a m  f rom 
t h e  ( l e s s )  p r e s s u r i s e d  a i r  ahead  o f  t h e  w a t e r .  Com pr es s iv e  
waves a r e  s t i l l  b e i n g  g e n e r a t e d  i n  t h e  n o z z l e ,  however ,  w h i l e  
t h i s  p r e s s u r e  r e l i e f  o c c u r s ,  so  t h a t  t h e  p r e s s u r e  h i s t o r y  w i l l  
no t  r ema in  ’s teady* a l o n g  t h e  c o l l i m a t o r .  Thi s  e f f e c t  ch ang es  
t h e  shape  o f  t h e  p r e s s u r e  h i s t o r i e s  a l o n g  t h e  l e n g t h  o f  t h e  
c o l l i m a t o r ,  s ee  f i g u r e  (45)* The i n i t i a l  p o r t i o n  o f  t h e  j e t  
i s  a t  a  low p r e s s u r e  and i s  t h e r e f o r e  c o h e r e n t  on emergence  
( s ee  p l a t e  5>b). F i g u r e  (82) shows a t y p i c a l  p r e s s u r e  h i s t o r y  
t a k e n  f rom one o f  t h e  l o n g e s t  c o l l i m a t o r s .  As men t i o ne d  
p r e v i o u s l y  t h e  v a r i a t i o n  i n  t h e  j e t  e x i t  v e l o c i t y  may c a u s e  
enough d i s t u r b a n c e  t o  t h e  j e t  t o  c ause  i t s  d i s r u p t i o n .  F i g u r e  
(82) shows t h a t  t h e  s econ da ry  n o z z l e  and c o l l i m a t o r  p r e s s u r e
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t h e  l i k e l i h o o d  i s  t h a t  d i s r u p t i o n  o f  t h e  j e t  w i l l  o ccu r ,  where  
t h e  v e l o c i t i e s  a r e  d i s s i m i l a r ,  l e a d i n g  t o  j e t  b reakup.  Thi s  
e f f e c t  may be s een  on p l a t e  (5 ,c)  a s  a  d i s r u p t i o n  o f  t h e  l a t e r  
p o r t i o n s  o f  t h e  j e t .
(8.4*4) P r e v e n t  i on  o f  J e t  Breakup
The cu sh ioned  p i s t o n - w a t e r  impac t  p roduces  a s l o w e r  
a c c e l e r a t i o n  o f  t h e  w a t e r ,  due t o  t h e  c o m p r e s s i o n  o f  g a s  i n  
f r o n t  o f  t h e  p i s t o n ;  no r a p i d  e x c u r s i o n s  t o  h i gh  p r e s s u r e  a r e  
p roduced ,  as  i n d i c a t e d  p r e v i o u s l y  i n  s e c t i o n  (5«5)> and 
t h e r e b y  no s p a l l a t i o n  o f  t h e  w a t e r  or  i n t e r n a l  c a v i t a t i o n .  I t  
i s  t ho ug h t  f o r  t h i s  c u sh i o n e d  impac t  t h a t  l e s s  a i r  wri l l  be 
e n t r a i n e d  a s  a r e s u l t  o f  t h e  b r e a k i n g  of  t h e  d i aph ragm,  which  
i n i t i a l l y  moves more s l o w l y  t h a n  w i t h  t h e  s h a r p  i m p a c t ,  
a l l o w i n g  t h e  a i r  s u r r o u n d i n g  i t  t o  e s cape .  The b e h a v i o u r  o f  
t h e  j e t  on emergence  i s  t h e n  p r e c i s e l y  as  d e s c r i b e d  p r e v i o u s l y  
(31) ,  w i t h  a  c l oud o f  p a r t i c l e s  b e i n g  formed a round t h e  
i n i t i a l  p a r t  o f  t h e  j e t .  The i n i t i a l  d i s r u p t i o n  n e c e s s a r y  t o  
form t h i s  c l oud  comes f rom t h e  mechanism p ro posed  e a r l i e r ,  
i . e .  t h e  i n t e r a c t i o n  o f  r e l i e f  waves f rom t h e  s i d e s  o f  t h e  j e t  
d i s r u p t i n g  s u b s o n i c  j e t s  on emergence  f rom t h e  n o z z l e .
Ai r  in  t h e  n o z z l e  i s ,  t h e n ,  d e t r i m e n t a l  t o  t h e  p r o d u c t i o n  
o f  c o h e r e n t  s u b s o n i c  j e t s ,  a i d i n g  d i s r u p t i o n  i n  two s e p a r a t e  
ways:  t h e  sudden e x p a n s i o n  o f  e n t r a i n e d  ga s ,  and t h e  
p r o d u c t i o n  o f  i n t e r a c t i n g  r e l i e f  waves w i t h i n  t h e  body o f  
( su b s o n i c )  j e t s .  The b r eakup  w i l l  be m in i m i s e d  by g i v i n g  t h e  
w a t e r  a  g r a d u a l  a c c e l e r a t i o n  i n s t e a d  o f  an i m p u l s i v e  b low,  
which m in i m i s e s  t h e  f i r s t  c ause  o f  b reakup.  The j e t s  w i l l  
then  t r a v e l  some f i f t e e n  n o z z l e  e x i t  d i a m e t e r s  b e f o r e  any
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(9*1) G e n e r a t i o n  of  t h e  A i r  Shock and B l a s t
The p a s s a g e  o f  t h e  w a t e r  t h r o u g h  t h e  n o z z l e  g e n e r a t e s  h i g h  
p r e s s u r e s  n o t  o n l y  i n  t h e  w a t e r  b u t  a l s o  i n  t h e  a i r  a h e a d  o f  
i t .  F i e l d  and L e s s e r  , ( 41 ) ,  s t a t e ,  f o r  examp le ,  t h a t  t h e  a i r  
i s  compre ssed  t o  a t y p i c a l  maximum p r e s s u r e  o f  10 MN/m , as  
compared t o  a  maximum p r e s s u r e  i n  t h e  w a t e r  o f  1 0 0 'MN/m 
T hes e  h i g h  p r e s s u r e s  i n  t h e  a i r  r e s u l t  i n  a  b l a s t  wave  b e i n g  
formed b e f o r e  t h e  w a t e r  ha s  emerged f rom t h e  n o z z l e ,  a s  shown 
■in p l a t e  (2).  Loche r ,  ( 1974 ), a l l o w e d  f o r  t h e  e f f e c t s  o f  a i r  
p r e s s u r e  a h e a d  o f  t h e  w a t e r  p a c k e t  i n  an  a n a l y s i s  o f  t h e  f l o w  
o f  w a t e r  t h r ou g h  t h e  n o z z l e ,  a s  men t ioned  i n  s e c t i o n  2 . 2 . 1. 
F u r t h e r  t o  t h i s  work,  Lemcke and Locher  (75) p roduced  a method 
o f  g e n e r a t i n g  s t r o n g  shock waves by a t t a c h i n g  a shock t u b e  t o  
t h e  end o f  t h e  n o z z l e  o f  an i m p a c t - c u m u l a t i o n  w a t e r  cannon.
The h igh  speed w a t e r  a c t s  a s  a d r i v e r  f o r  t h e  shock wave.
Shock v e l o c i t i e s  o f  s e v e r a l  t housand  m e t r e s  p e r  second  were  
a ch i e v e d  u s i n g  t h i s  method w i t h  a  p r o t o t y p e  d e v i c e .  P r e s s u r e s  
i n  t h e  10 MN/m r a n g e  w e r e  m e a s u r e d  i n  t h e  s h o c k  t u b e ,  
c o n f i r m i n g  t h e  e s t i m a t e  o f  F i e l d  and L e s s e r .  The j e t  
v e l o c i t i e s  g e n e r a t e d  i n  t h e s e  t r i a l s  were  s i g n i f i c a n t l y  h i g h e r  
t h a n  i n  t h e  p r e s e n t  work  o w i n g  t o  t h e  u s e  o f  h i g h e r  p i s t o n  
speeds .  The e x p e r i m e n t s  showed t h a t  shock spe eds  c l o s e l y  
ag r eed  w i t h  shock t u b e  t h e o r y  f o r  t h e  g iv en  j e t  ( i n t e r f a c e )  
v e l o c i t y .
(9. 2 ) Shock-Wave t h eo ry
Th i s  i s  a w e l l  e s t a b l i s h e d  t h e o r y ,  e.g.  r e f  (80),  r e l a t i n g  
t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  a shock t o  t h e  shock v e l o c i t y .  
The w e l l  known Rank ine -Hugon io t  r e l a t i o n s  a r e  a p p l i c a b l e  t o  
s ho c k  c o n d i t i o n s  i n s i d e  a s h o c k  t u b e ,  w h e r e  a s h o c k  may be
0 /
how a sh o c k  i s  f o r m e d  by t h e  a c c e l e r a t i o n  o f  a d r i v i n g  p i s t o n  
i n  a gas  f i l l e d  tube  and p r e s e n t s  t h e  s t a n d a r d  e q u a t i o n s  
r e l a t i n g  t h e  v e l o c i t y  o f  t h e  p i s t o n  w i t h  t h e  s p e e d  o f  s o u n d  o f  
t h e  d r i v e n  gas .  F i g u r e  (33) shows s c h e m a t i c a l l y  t h e  wave 
sy s t em i n s i d e  a  t ub e  und e r  t h e s e  c o n d i t i o n s .  Lemcke and 
Locher  showed t h a t  t h e  s t r e n g t h  o f  t h e  shock g e n e r a t e d  by t h e  
w a t e r  cannon cou ld  be found ,  knowing  t h e  j e t  v e l o c i t y ,  t h e  j e t  
a c t i n g  a s  t h e  p i s t o n  a s  i n  t h e  above example .  As t h e  shock so 
formed emerges  f rom t h e  n o z z l e  i t  f orms  a s p h e r i c a l  b l a s t  
wave.
(9*3) B l a s t  Waves and t h e i r  decay
The t h e o r y  o f  b l a s t  waves was f i r s t  deve loped  by G.I. T a y l o r  
(112).  A b l a s t  wave r e s u l t s  f rom t h e  sudden e x p a n s i o n  o f  
compres sed  gas  i n t o  t h e  a tm os ph e r e .  Such e x p a n s i o n s  f o l l o w  
t h e  d e t o n a t i o n  o f  h igh  e x p l o s i v e s  or  t h e  a r r i v a l  o f  a  s h o c k -  
wave a t  t h e  open end o f  a shock t ube .  The c l a s s i c  shape  o f  
t h e  p r e s s u r e  h i s t o r y  o f  a b l a s t  wave i s  shown in  f i g u r e  (84)* 
T y p i c a l l y  t h e  b l a s t  wave w i l l  e x h i b i t  a f a s t  r i s e  t o  a 
p r e s s u r e  s u b s t a n t i a l l y  above a t m o s p h e r i c  p r e s s u r e ,  f o l l o w e d  by 
a  s l o w e r  f a l l  t o  a  p r e s s u r e  which i s  be low a t m o s p h e r i c ,  and 
w i l l  c o n t i n u e  t o  be so f o r  a  s h o r t  l e n g t h  of  t i m e .  Behind  t h e  
b l a s t  t h e  a i r  i s  s e t  i n t o  mot ion ,  a s  i s  t h e  c a se  f o r  t h e  
p a s s a ge  o f  a  shock -wave .  The magn i tude  o f  t h e s e  e f f e c t s ,  t h e  
s t r e n g t h  o f  t h e  b l a s t ,  depends  on t h e  q u a n t i t y  and r a p i d i t y  o f  
energy  r e l e a s e d  by t h e  gas  e xp ans io n .  Gla s s  (45) r e s e a r c h e d  
t h e  decay l aws  i n  v a r i o u s  g e o m e t r i c a l  f r a m e s  and i n d i c a t e d  
t h a t  t h e  peak o v e r p r e s s u r e  o f  a  s t r o n g  b l a s t  decayed  a c c o r d i n g  
t o  t h e  g e o m e t r i e s  o f  t h e  s i t u a t i o n .  Thus,  f o r  examp le ,  
s p h e r i c a l  b l a s t  wave decayed  as  R cubed,  and a c y l i n d r i c a l
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decay or weaK: m a s t  waves round t n e  l o n o w i n g ,  However:
S p h e r i c a l  decay as :
1/R ( lo g ^ R ) ( 9 . 1 )
C y l i n d r i c a l  a s :
1 / ( R ) (:9 . 2 )
Thus t h e  decay o f  a b l a s t  depends  no t  only on d i s t a n c e  b u t  
a l s o  on t h e  shock s t r e n g t h .  R e c e n t l y ,  Phan (94) examined  t h e  
decay o f  b l a s t  o v e r p r e s s u r e  e m p i r i c a l l y  by m ea su r i n g  t h e  b l a s t  
o v e r p r e s s u r e  a t  a  l a r g e  number o f  m ea su r i ng  s t a t i o n s  a l o n g  
s e v e r a l  a z i m u t h a l  l i n e s  r a d i a t i n g  f rom t h e  e x i t  o f  a  s i m p l e  
shock t ube .  He found t h a t  t h e  r a t e  o f  peak o v e r p r e s s u r e  decay 
w i t h  d i s t a n c e  i s  a f u n c t i o n  o f  t h e  i n i t i a l  d r i v e r  chamber  
p r e s s u r e ,  t h e  decay b e i n g  more r a p i d  when t h e  d r i v e r  chamber  
p r e s s u r e  was h i g h e r .  To a cco un t  f o r  t h i s ,  t h e  p r i m a r y  shoc k ,  
P2, i t s e l f  a  f u n c t i o n  o f  d r i v e r  p r e s s u r e ,  was i n t r o d u c e d  a s  a  
n o n - d i m e n s i o n a l  p a r a m e t e r .
I t  was f o u n d  t h a t  t h e  d e c a y  o f  t h e  b l a s t  o v e r p r e s s u r e  c o u l d  
be e x p r e s s e d  as :
n
S r S -  = k ( f )
( 9 . 3 )
where:  k i s  a  c o n s t a n t ,
P1 i s  a t m o s p h e r i c  p r e s s u r e ,
P-P1 i s  t h e  o v e r p r e s s u r e ,
P2-P1 i s  t h e  p r i m a r y  shock s t r e n g t h
x i s  t h e  d i s t a n c e  f r o m  t h e  e x i t  o f  t h e  s h o c k
t u b e ,  measured  a l o n g  t h e  a x i s
c i s  t h e  c a l i b r e  o f  t h e  t u b e ,
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P i s  t h e  p r e s s u r e  downst ream o f  t h e  shook.
Prom e x p e r i m e n t a l  measu remen t s  t h e  v a l u e s  o f  n and k were  
found ,  g i v in g :
= 0-4(-£-)  ( 9 - 4 )
-P1 °
Phan found t h a t  t h e  decay o f  o v e r p r e s s u r e  w i t h  d i s t a n c e  
f rom th e  n o z z l e  e x i t  v a r i e d  w i t h  t h e  az i mu th  a n g l e  measured  
from th e  shock t u b e  a x i s .  Both n and k i n  t h e  above e q u a t i o n  
a r e  reduced  w i t h  i n c r e a s i n g  a n g l e  as  t h e  shock i s  b e i n g  
weakened due t o  t h e  e f f e c t  o f  expan s io n  waves p roduced  by t h e  
s h a r p  c o rn e r  a t  the  e x i t .  P i g  (85) shows t he  r e s u l t i n g  shock 
p r o f i l e  f o r  v a r i o u s  c o r n e r  a n g l e s  f o r  an i n c i d e n t  shock  Mach 
number o f  1.5, f rom r e f e r e n c e  (112).  Phan showed t h e  
v a r i a t i o n  o f  n w i t h  a n g l e  t o  be a p p r o x i m a t e ly  l i n e a r :
n = - 1 . 2  + 0 . 1 3 4 0  ( 9-5)
k was found t o  be:
- 0.502  0
k = 0.4 x 10 ( 9 . 6 )
where :  0 i s  t h e  a z i m u t h  a n g l e  measured i n  r a d i a n s .
The g e n e r a l  e x p r e s s i o n  f o r  t he  decay o f  b l a s t  o v e r p r e s s u r e  
w i t h  d i s t a n c e  and a n g l e  f rom a shock t u b e  i s ,  t h e n ,  g i v e n  by:
. 0 . 5 0 2  0  V  - 1*2 + 0 -13^
P - P 1  =0-4 (10  ) ( P 2 - P 1 ) ( ^ r )  ( 9 - 7 )
As ment ioned  i n  s e c t i o n  (9*2) Lemcke and Locher  (75) showed 
t h a t  t h e  shock j g e n e r a t e d  by t h e  n o z z l e  f l o w  o f  a w a t e r  c a n n o n
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Using t h i s  knowledge  and t h e  above e q u a t i o n  i t  i s  p o s s i b l e  t o  
e s t i m a t e  t h e  b l a s t  o v e r p r e s s u r e  a t  any p o i n t  a round  t h e  w a t e r  
cannon.
(9*4) B l a s t  n o i s e  l e v e l s
B l a s t  n o i s e  l e v e l s  may be c h a r a c t e r i s e d  by a  number  o f  
d i f f e r e n t  c r i t e r i a  (17):
i )  Peak o v e r p r e s s u r e ,
i i )  R i s e  t i m e  t o  peak o v e r p r e s s u r e ,
i i i )  P r e s s u r e  wave d u r a t i o n ,
i v )  P r e s s u r e  enve l ope  d u r a t i o n .
These c r i t e r i a  a r e  d e f i n e d  d i a g r a m m a t i c a l l y  i n  f i g u r e  (84)* 
The peak o v e r p r e s s u r e  i s  t h e  most  commonly used  d e f i n i t i o n  
o f  n o i s e  and may be d e f i n e d  i n  d e c i b e l s  (dB) by t h e  
e x p r e s s i o n :
SPL (dB) = 20 X - o ^ ( ^ )  ! 9.8
where :  SPL i s  t h e  Sound P r e s s u r e  Leve l ,
-5 ,
P r e f  i s  t h e  r e f e r e n c e  a c o u s t i c  p r e s s u r e ,  2*10 N/m , 
t a k e n  t o  be t h e  t h r e s h o l d  o f  h e a r i n g ,  and 
a P i s  t h e  o v e r p r e s s u r e .
Damage t o  t h e  e a r  o c c u r s  a t  o v e r p r e s s u r e s  o f  a b o u t  2 p . s . i .  
(176 dB), (94),  and,  t h e  e a r  b e i n g  t h e  most  s e n s i t i v e  o r g a n  t o  
b l a s t  n o i s e ,  t h i s  p r o v i d e s  a  ’r eady  reckoned* maximum b l a s t .  
Co l e s ,  (17),  however ,  c o r r e l a t i n g  d a t a  on recommended n o i s e  
l i m i t s ,  g i v e s  t h e  maximum p e r m i s s i b l e  i m p u l s i v e  n o i s e  t o  be 
140 dB. Th is  i s  qu o t e d  a s  t h e  l e v e l  a t  which  a  ’t e m p o r a r y  
t h r e s h o l d  s h i f t ’ w i l l  o c cu r  f o r  a p p r o x i m a t e l y  n i n e t y  p e r c e n t  
o f  p e o p l e  i . e .  a  t e m p o r a r y  l o s s  o f  h e a r i n g .
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An e x p e r i m e n t a l  i m p a c t - c u m u l a t i o n  w a t e r  cannon de s ig n ed  and 
t e s t e d  by Cooley (21) was o p e r a t e d  i n  f i e l d  c o n d i t i o n s  a t  a 
qu a r r y  and a t  a  mine.  Measuremen ts  o f  t h e  n o i s e  were  made,  
r e c o r d i n g  some 135 t o  140 dB a t  a  r ange  o f  30 m e t r e s  (100 f t ) .  
The j e t  v e l o c i t i e s  employed were  o f  t h e  o r d e r  o f  2500 m e t r e s  
p e r  second.
The p r e s e n t  i n v e s t i g a t o r  found b l a s t  o v e r p r e s s u r e s  o f  
a p p r o x i m a t e l y  188 dB a t  a s t a n d o f f  o f  0.2 m e t r e s ,  f o r  t h e  j e t s  
p roduced  by t h e  c o n i c a l  n o z z l e ,  u s i n g  a p i s t o n  v e l o c i t y  o f  50 
m/s . .  A t y p i c a l  r e c o r d  o f  t h e  b l a s t  measured  i s  shown i n  
f i g u r e  (65)» The e x p e r i m e n t a l  o v e r p r e s s u r e  i s . s o m e w h a t  h i g h e r  
t h a n  t h a t  p r e d i c t e d  f rom e q u a t i o n  10.7,  which g i v e s ,  a t  t h i s  
s t a n d o f f ,  an o v e r p r e s s u r e  o f  some 178 dB f o r  a n o z z l e  a i r  
p r e s s u r e  o f  3 MU/m*, (30 a tm) .  The d i s c r e p a n c y  may be due t o  
e q u a t i o n  10.7 b e i n g  i n v a l i d  a t  t h i s  r e l a t i v e l y  l a r g e  d i s t a n c e ,  
i n  t e r m s  o f  c a l i b r e ,  f rom t h e  n o z z l e .  A l t e r n a t i v e l y  t h e  a i r  
p r e s s u r e  i n  t h e  n o z z l e  may be h i g h e r  t h a n  t h a t  e x p e c t e d .  
Measurement  o f  t h e  a i r  p r e s s u r e  ahead o f  t h e  w a t e r  i n  t h e  
n o z z l e  h a s ,  however ,  no t  been a t t e m p t e d .
I t  shou ld  be no t ed  t h a t  t h e  b l a s t  o v e r p r e s s u r e  measu red  i s  
g r e a t e r  t h a n  t he  s a f e t y  l i m i t s  d e s c r i b e d  above and i t  i s  
recommended t h a t  p r e c a u t i o n s  a r e  t a k e n  t o  e n s u r e  t h a t  
p e r s o n n e l  a r e  p r o t e c t e d  f rom t h i s  n o i s e .
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1 ) The j e t  head v e l o c i t y  decay o f  j e t s  p roduced  by t h e  
i m pa c t  c u m u l a t i o n  w a t e r - c a n n o n  can be s u b s t a n t i a l ,  l e a d i n g  t o  
a  g r e a t l y  d i m i n i s h e d  c u t t i n g  p o t e n t i a l .  This  ha s  been  found 
t o  be a s s o c i a t e d  w i t h  t h e  b u r s t i n g  o f  t h e  j e t  on emergence  
f rom the  n o z z l e ,  due t o  t h e  o v e r p r e s s u r e  o f  t h e  w a t e r .  The 
s u b s e q u e n t  a c t i o n  o f  t h e  a i r  on t h e  b roken  j e t  p r o v i d e s  t h e  
mechanism f o r  t h e  d e c e l e r a t i o n  o f  t h e  j e t  head.
2) An i m p u l s i v e  b l o w  o f  t h e  p i s t o n  on t h e  w a t e r ,  a s  
e n v i s ag e d  i n  t h e  c l a s s i c  i m p a c t - c u m u l a t i o n  w a t e r - c a n n o n ,  i s  
d e t r i m e n t a l  t o  t h e  p r o d u c t i o n  o f  a  c o h e r e n t  j e t .  T h i s  i s  
t h o u g h t  t o  be t h e  r e s u l t  o f  e x c e s s i v e  e n t r a i n m e n t  o f  a i r  i n  
t h e  w a t e r  a s  a r e s u l t  o f  t h e  e f f e c t  o f  t h e  d o w n s t r e a m  
d i aph ragm on t h e  s t a r t i n g  c o n d i t i o n s  o f  t h e  f l o w .
Compres s ion  o f  t h i s  a i r  i n  t h e  n o z z l e ,  r e s u l t s  i n  t h e  
d i s r u p t i o n  o f  t h e  j e t  on e m e r g e n c e  f r o m  t h e  n o z z l e  due  t o  t h e  
r a p i d  ex pans ion  o f  t h e  a i r .
3) The cohe rence  o f  t h e  j e t s  p roduced by t h e  w a t e r - c a n n o n  
may be i m p r o v e d  by t h e  u s e  o f  a vacuum i n  t h e  n o z z l e .  T h i s  
means  t h a t  t h e r e  i s  no e n t r a i n m e n t  o f  a i r  i n  t h e  w a t e r  t h u s  no 
l a r g e  s c a l e  b r ea kag e  o f  t h e  j e t  on emergence  f rom t h e  n o z z l e .
4) Fo r  t h e  c a s e  o f  a s h a r p  p i s t o n - w a t e r  i m p a c t  t h e  u s e  o f  a 
vacuum in  t h e  n o z z l e  o f  t h e  w a t e r  cannon i n c r e a s e s  t h e  j e t  
v e l o c i t y  compared t o  t h a t  w i t h  a i r  i n  t h e  n o z z l e .
5) The a d d i t i o n  o f  a c o l l i m a t o r  t o  t h e  end o f  t h e  n o z z l e  
r educe s  t h e  o v e r p r e s s u r e  of  t he  w a t e r ,  so t h a t  t he  i n i t i a l  
p o r t i o n  of  t h e  j e t  can emerge as  a c o h e r e n t  rod.  The p r e s s u r e
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c h a r a c t e r  and t h e  l e n g t h  o f  t h e  c o l l i m a t o r  h a s  t o  be many 
n oz z l e  e x i t  d i a m e t e r s  b e f o r e  any s i g n i f i c a n t  improvement  o f  
t h e  j e t  i s  e v i d e n t .
6) For t h e  ca se  o f  a  s h a r p  p i s t o n - w a t e r  impac t  t h e  a d d i t i o n  
o f  a c o l l i m a t o r  s u b s t a n t i a l l y  i n c r e a s e s  t h e  v e l o c i t y  o f  t h e  
e merg ing  j e t  f o r  t h e  same i n i t i a l  p i s t o n  v e l o c i t y .
7) A mechanism has  been  f o r m u l a t e d  f o r  t h e  r a p i d  i n i t i a l  
b r eakup  o f  s u b s o n i c  j e t s ,  b e i n g  an e x t e n s i o n  o f  t h e  mechanism 
f o r  b r eakup  o f  s u p e r s o n i c  j e t s ,  and which  a l l o w s  f o r  t h e  
e f f e c t  o f  t h e  a i r  i n  f r o n t  o f  t h e  j e t .  The p r e s s u r e  o f  t h e  
j e t  can r ema in  h i gh  on emergence  a s  a  r e s u l t  o f  t h i s  mechani sm 
and can l e a d  t o  s u b s e q u e n t  d i s r u p t i o n  o f  t h e  j e t  by e x p a n s i o n  
o f  e n t r a i n e d  a i r  and i n t e r a c t i o n  o f  r a d i a l  r e l i e f  waves .
8)  Secondary  peaks  o f  j e t  n o z z l e  p r e s s u r e  c o i n c i d e  w i t h  an 
i n c r e a s e  i n  t h e  l o c a l  j e t  v e l o c i t y .  Th i s  cou ld  l e a d  t o  an  
enhanced c u t t i n g  p o t e n t i a l  due t o  p r e s s u r i s a t i o n  o f  c r a c k s  i n  
t h e  m a t e r i a l .  The c r a c k s  cou ld  have been c r e a t e d  by t h e  
i n i t i a l  impac t  o f  t h e  j e t .
Secondary j e t t i n g  can  occu r  a  s h o r t  t i m e  a f t e r  t h e  i n i t i a l  
j e t ,  and s e p a r a t e  f rom i t ,  w i t h  t h e  p o s s i b i l i t y  o f  enhanced  
m a t e r i a l  damage a s  d e s c r i b e d  above.  Thi s  j e t t i n g  comes a b o u t  
a s  a  r e s u l t  o f  a  p r e s s u r e - e x t r u s i o n  p r o c e s s  i n  t h e  n o z z l e .
9) The p r e s s u r e  i n  t h e  impa c t  chamber  v a r i e s  g r e a t l y  
de pend ing  on t h e  amount  o f  c u s h i o n i n g  o f  t h e  p i s t o n  i m p a c t .
F o r  an  i m p u l s i v e  b l o w ,  i n  w h i c h  t h e  a i r  i s  a l l o w e d  t o  e s c a p e  
f rom i n  f r o n t  o f  t h e  p i s t o n ,  t h e  p r e s s u r e s  e x p e r i e n c e d  i n  t h e  
i m pa c t  chamber  can be s u b s t a n t i a l l y  above t h e  o n e - d i m e n s i o n a l  
i mp ac t  p r e s s u r e .  Th i s  i s  a r e s u l t  o f  t h e  n o n - f l a t  i m p a c t  o f
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10) The n o i s e  f rom t h e  c o n v e n t i o n a l  impac t  c u m u l a t i o n  w a t e r -  
cannon p r e s e n t s  a majo r  s a f e t y  h a za rd .  Measurement s  i n d i c a t e d  
a l a r g e  o v e r p r e s s u r e  c l o s e  t o  t h e  n o z z l e ,  and a l t h o u g h  t h i s  
w i l l  decay w i t h  i n c r e a s e d  d i s t a n c e  f rom t h e  n o z z l e  i t  i s  
recommended t h a t  o p e r a t o r s  shou ld  he p r o t e c t e d  f rom t h i s  
n o i s e .  The u se  o f  such  a  w a t e r  cannon shou ld  be r e s t r i c t e d  
such  t h a t  i t  i s  no t  u sed  i n  c o n f i n e d  s p a c e s  w i t h o u t  s u i t a b l e  
p r e c a u t i o n s .  The c o n v e r s i o n  o f  t h e  p i s t o n  i m p a c t  t o  a 
cu sh io ne d  blow s u b s t a n t i a l l y  r e d u c e s  t h e  n o i s e  f rom t h e  
cannon.  With t h e  b a r r e l  o f  t h e  cannon s e a l e d  and w i t h  a i r  i n  
t h e  b a r r e l  t h e  n o i s e  i s  n e g l i g i b l e .
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1 ) C u t t i n g  t e s t s
The p r e s e n t  work ha s  i d e n t i f i e d  means o f  p r o d u c i n g  f a s t ,  
c o h e r e n t  j e t s  o f  w a t e r  f rom an i m p a c t - c u m u l a t i o n  w a t e r  cannon.  
The n e x t  s t e p  i s  t o  p e r f o r m  c u t t i n g  t r i a l s  on s a m p l e s  o f  
v a r i o u s  m a t e r i a l s  t o  v e r i f y  t h e  c u t t i n g  p o t e n t i a l  o f  t h e  
sy s t em.  To t h i s  end h i g h e r  p i s t o n  v e l o c i t i e s  t h a n  a r e  
p r e s e n t l y  used a r e  r e q u i r e d  i n  o r d e r  t o  i n c r e a s e  t h e  j e t  
v e l o c i t y .
2) Long s t a n d o f f  f o r c e  measuremen ts
In o r d e r  t o  q u a n t i f y  t h e  c u t t i n g  e f f e c t i v e n e s s  o f  t h e  j e t s  
a t  l o n g  s t a n d o f f  d i s t a n c e s ,  (>0.2 m e t r e s  t o  1.0 m e t r e ) ,  a  
s e r i e s  o f  f o r c e  m eas u r em en t s  sh ou ld  be pe r fo rm ed .  Us ing  t h e s e  
measu remen ts  and t h e  d a t a  f rom t h e  c u t t i n g  t e s t s  w i l l  e n a b l e  
d e s i g n  c r i t e r i a  t o  be f o r m u l a t e d  w i t h  r e g a r d  t o  s t a n d o f f  
d i s t a n c e s  f o r  c u t t i n g  e f f e c t i v e n e s s  and f o r  s a f e t y .
3) Des ign  o f  a  p r o t o t y p e
The d e s i g n  and deve l opm en t  o f  a  p r o t o t y p e ,  i n d u s t r i a l  
i m p a c t - c u m u l a t i o n  w a t e r  cannon t o  i n c l u d e  a  m u l t i - s h o t  
c a p a b i l i t y .
4) Comput ing
Al though  t h e  o n e - d i m e n s i o n a l  code p e r f o r m s  w e l l  i n  
e s t i m a t i n g  t h e  n o z z l e  p r e s s u r e s  i t  s h ou l d  be enhanced  t o  
i n c l u d e  t h e  e f f e c t  o f  a i r  i n  t h e  n o z z l e .  A t w o - d i m e n s i o n a l  
c o d e  wo u l d  be u s e f u l  i n  t h i s  r e g a r d ,  and  t h i s  may a l s o  be  
a d a p t e d  t o  model  t h e  f l o w  o u t s i d e  t h e  n o z z l e  e x i t .
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The e f f e c t  o f  t h e  u p s t r e a m  d i aphragm on t h e  s t a r t i n g  
c o n d i t i o n s  o f  t h e  f l ow  t h r ou g h  t h e  n o z z l e  shou ld  be 
i n v e s t i g a t e d ,  w i t h  r e g a r d  t o  t h e  e n t r a i n m e n t  o f  a i r  i n  t h e  
w a t e r .
6) Ai r  P r e s s u r e  i n  t h e  Nozzl e
A d i r e c t  m e a s u r e m e n t  o f  t h e  p r e s s u r e  o f  t h e  a i r  i n  t h e  
n o z z l e  a h e a d  o f  t h e  w a t e r  s h o u l d  be  made^ i n  o r d e r  t o  c o n f i r m  
t h e  n u m e r i c a l  c o m p u t a t i o n s  and t o  c o r r e l a t e  w i t h  t h e  
measu remen t s  o f  b l a s t  n o i s e .
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P i s t o n  P r o p e r t i e s
M a t e r i a l Den s i t y Speed o f  sound
Kg/m m/s
Mild s t e e l 7923 5172
Aluminium 2763 5143
Nylon 1133 1029-1600
TABLE 2
Nozzl e  d i m e n s i on s
Nozzle Length
(mm)
I n l e t  d i a m e t e r  
(mm)
O u t l e t  d i a m e t e r  
(mm)
Sho r t
E x p o n e n t i a l 175 76.2 7.5
Long
E x p o n e n t i a l 225 76.2 7.5
Co n ic a l 152.4 76.2 9-0
C o l l i m a t o r  Leng th s
(See f i g u r e  2$, A l l  d i m e n s i o n s  i n  mm.).
C o l l i m a t o r  no. A B C D
1 0.0 - - -
2 1 5-0 - - -
3 50.0 - - -
4 45.0 - - -
5 87.0 15.0 58.0 65.0
6 155.0 1 5-0 58.0 65-0
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(a) (b)
(c) (d)
Plate 2: The developm ent of the blast wave 
and the  air je t  ahead  of the  water.  Short 
exponential nozzle.
a ) 5 0  b )1 5 0  c )2 5 0  d )3 4 0  Microseconds
(a) (b)
(c) (d)
Plate 3: a) Short  exponential nozzle
b) Conical nozzle
c) Long exponential  nozzle
d) Conical nozzle with collimator
(b)
Plate 4: Improvement  of je t  c o h e re n c e  with 
vacuum  in the  nozzle. Shor t  exponent ial  nozzle.
a) Air
b) Vacuum
Plate  5: J e t  deve lopm ent .  Conical nozzle with 
coll imator of length 1 0 3  m m .
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  Impact Pressure
 Stagnation Pressure
Fig.1 Comparison between the pressure generated by water impact 
and by water stagnation pressure with water velocity
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Fig.2 Impact pressure for an aluminium piston
P
R
E
S
S
U
R
E
 
M
N
I
P I S T O N  V E L O C I T Y  bi s)
Water-Hammer Pressure 
Altered Wave Speed 
Compressibility of piston
Fig.3 impact pressure for a Nylon piston
Compressive
Wave
R e l ie f  W aves
Fig.4 The impact of a cylindrical packet of water on a rigid 
body, showing wave motions and radial jetting
UNDISTURBED
V COMPRESSED
CONTACT REGION
POINT'
Fig.5 The impact of a spherical drop on a rigid target, showing 
the early-tim e wave behaviour and the 'contact points'
\
\f t J / / / / ' / / / /  / 7 77 / V  /  /  V / t f t  /
pmpressive 
Wave
Radial Jet
Relief 
Wave
Fig.6 The impact of a spherical drop on a rigid target, showing 
the wave motion and radial jetting
P//>cv
RADIUS
R = Jet  Radius
Fig.7 impact pressure distribution for liquid jet  
(after Johnson and Vickers)
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(b)
(c)
a) Pressure-extrusion
b) Impact-extrusion
c) Impact-cumulation
Fig.8 Types of Water-Cannon
(a)
(b)
Fig.9 Schem atic  diagram of the cumulation  
p rocess  in the nozzle
a)Water packet approaching nozzle
b)Generation of com pressive  waves, c
c)Acceleration of water front, a
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0-80-4 0-80-2
NOZZLE EXITNOZZLE ENTRANCE
POSITION IN BARREL & NOZZLE (ra)
Exponential nozzle, Area ratio 100, Length ratio 4  
Initial water packet velocity 140 m /s .
A =  1200 microseconds 
B = 1350
C =  1456 " (discharge)
D =  1500  
E = 1650
Fig. 11 Nozzle P re s s u re  History 
(a f te r  Welsh)
P ressu re
P re ssu re
P ressure
V
Increasing
A rtif ic ia l
V i s c o s i t y
D istance
Fig. 12 Artificial Viscosity, e ffect  on a shock,  
(after Pidsley)
Pressure  
(N/ma)
1 8 12 16 20 24 28 32
XI0-2
■■ • • I- ' i- ■ I —  n i T P l r ■ ■ 'I ) , - v  .  ,4 s i2 ig 20 24 28 32 Distance
X10~2 ( m )
(a )0 -1 0 0 0  microseconds
(b) 1000—1400 microseconds
(c) 1 4 0 0 -1 5 0 0  microseconds
Fig.13 Pressure history, Conical nozzle
Initial water packet velocity 50 m /s
3 0 0 i
200 -
Pressure
100-
2000
TIME (7j - s )
Fig. 1U The maximum pressure with time, short 
exponential nozzle (after Welsh), showing 
secondary nozzle pressure peaks 
Initial water packet velocity =  2 8 m / S
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57 mm
20mm
I M P A C T
F A C E
F i g . 1 9  i m p a c t  c h a m b e r  p r e s s u r e  m e a s u r e m e n t  p o i n t s
3ft mmP r e s s u r e
Station
Nozzle
Fig-20 Short exponential nozzle, pressure  
m easurem ent .point
12-5
Fig. 21 Collimator pressure m easurem ent points  
( s e e  Table 3),  Dimensions in mm
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Timing
marks
I
Light Off
( a )
Light On
Timing marks
Magnetic
disturbance
-N o magnetic 
disturbance
( b )
F i g . 2 2  P i s t o n  v e l o c i t y  m e a s u r e m e n t
a )  D i o d e  s y s t e m  b )  M a g n e t i c  p i c k u p
Time (ms)
Decreasing 
Light 
Intensity
(a )
Time (/j.s)
F i g . 2 3  P h o t o d i o d e  m e a s u r e m e n t  o f  j e t  v e l o c i t y  
a )  a c t u a l  r e c o r d  b )  e x t e n d e d  p l o t  o f  ( a )
P L A N E
M I R R O R P I N H O L E S
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L I G H T
SO U R C E
N O Z Z L E
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C O N C A V E
M I R R O R
F i g . 2 4  J e t  v e l o c i t y  m e a s u r i n g  s y s t e m  
u s i n g  a  p h o t o m u l t i p l i e r
PLANE
M I R R O R SPARK TRIGGER
CONCAVE MIRROR
S P A R K
L I G H T
S O U R C E
N O Z Z L E
P O L A R O I D
F IL M
HOLDER
K N I F E
EDGE
C O N C A V E
M I R R O R
F i g . 2 5  T h e  S c h l i e r e n  s y s t e m
NOZZLE
F O R C E  
T R A N S D U C E R
T R I G G E R  S I G N A L  
TO S P A R K I -  
L I G H T  SOURCE
M A T C H  
( S T R I K E R )
Q  C O M P O U N D
O S C I L L O S C O P E A M P L I F I E R
F i g . 2 6  Force transducer/striker arrangem ent
NOZZLE
STANDOFF
BLAST GAUGE
MICROPHONE
STAND
Fig.27 Blast gauge mounting
2 2  mm
'Q' COMPOUND
T V. . v-y V VA V
O
Fig.28 Design of miniature blast gauge
3 8  mm ^|
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Impact  P la t e
N o z z l e
Fig.29 Force m easurem ent apparatus
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0
(b)
T I M E  ( m . s )
0 1
Fig.30 Calibration traces  for the force  
m easurem ent apparatus, using the impulse  
delivered by a 1.8 m steel bar dropped from  
from 2 0  mm. a) 80  mm b) 9 mm impact plates
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Fig.32 Water packet pressure history 
o) in itia l  system , vacuum in the barrel
b) present system , air gap
—■— I— h
Pressure
(MN/rn)
2 3
240 -
220
200
180
160
140-
120-
100-
80-
60-
40 -
20-1
0
0
Transducer positions
• •
•  U  
• %
•  •  •
1
• •  |% 
• •  f
• •  • • ••  • #  #• • •  .
/>cy
i 1 i i r
100“7 r*
■1 ,"*T
50
Velocity (m /s)
Fig.33 Maximum water packet pressure with 
piston velocity, first transducer position,
0.1 metre aluminium pistom
Pressure
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Fig.34  Maximum water packet pressure with
piston velocity, first transducer position,
0 .05  metre aluminium piston
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Fig.35 Maximum water packet pressure with
piston impact, first transducer position,
0.1 metre Nylon piston
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Fig.36 Maximum water packet pressure with
piston impact, first transducer position,
0.1 metre mild-steel piston
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Fig.38 Maximum pressure at water packet  
transducer positions and 2, with 
piston velocity, 0.1 m Aluminum piston
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Fig.39 Typical plots of the second  p h ase  
of high pressure in:
a) The im pact—cham ber at the first 
transducer position
b) The short exponential no2 2 le
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Waves
(J_______________ 100
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Fig.40' Pressure history for the 0 .2  m aluminium  
piston, showing the return time of the  
longitudinal wave through the piston
Pressure  (MN/.m) 
200-,
100 -
V
*
0 't\ /  t 1------ 1------ r------1------ »------ »------ «------1------ 1-----"1------ • 1
CT 4 5  5 5
Period ( / a s )
Fig.41 Variation of period of oscillation 
of impact cham ber pressure, with impact  
pressure. 50 mm aluminium piston-
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Fig.42  Typical nozzle pressure history, 
Short exponential nozzle
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Fig.U Nozzle pressure with piston velocity, 
Short exponential nozzle
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Fig.4 4  Correlation between the secondary peaks  
of nozzle pressure with jet impact force.
a) Nozzle pressure
b) Jet impact force
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Fig.45  Typical collimator pressure records, 
5th collimator
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Fig. 46 Collimator pressure drop
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Fig.47 Piston velocity with bursting pressure,
50  mm Aluminium piston
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Fig .4 8  velocity with piston velocity,
long exponential nozzle,
100mm aluminium piston
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Fig.If9 Jet velocity with piston velocity,
Conical nozzle
100 mm aluminium piston
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Fig. 50 Typical trace of jet velocity from the  
photomultiplier system .
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Fig.51 Velocity decay with distance of the  
jets  from the conical nozzle
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Fig.52 Velocity of jets  from the conical 
nozzle with collimators added.
Numbers refer to the length of the  
collimators, s e e  table 3.
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Fig.53 Velocity decay with distance of je ts  
from collimators
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Fig.54 Photomultiplier record showing 
secondary jetting
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Fig.55 Examples of photomultiplier records  
of jets  produced with a closed barrel, indicating 
only small velocity decay
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Fig-56 Typical force records
36  mm plate at 10, 35, 60 and 85  mm
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Fig.64 Typical accelerom eter  records for 
a) 1st and b) 2cnd impact chamber  
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Fig.65 Typical blast record 
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Fig. 66 Pressure at the interface of two 
impacting steel bars, initially moving at 
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Fig.68 Schem atic  diagram of the initial 
wave motion in the impact cham ber,  
showing the t im e—scale  of wave travel.
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Fig.70 Pressure change in the water due to the  
displacem ent of the bore of the impact ch am ber
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Fig. 72 Measured and computed pressure
histories at the three transducer 
stations.
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Fig.74  Design of the water—filled pistons
a) Hollow aluminium
b) Hollow Nylon
c) Hollow aluminium with moving steel  b ase
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Fig.77  Wave diagram for an emerging,  
supersonic jet, after Field.
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Fig.80  One—dimensional constructional diagram  
of the impact of a 100  mm aluminium piston  
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flow regimes
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Fig.8 5  Diffracted shock profile around a 
9 0  degree corner, initial Mach no. 1.5, 
(after Skews)
The der  i v a t ion o f  t h e  wa te r -hammer  p r e s s u r e  due t o  1 iqu id 
impact
Cook ' s  Analy s i s
L e t  V be t he  v e l o c i t y  o f  a column o f  wa t e r .  The k i n e t i c  
energy  o f  a l a y e r  o f  t h i c k n e s s  h and o f  u n i t  a r e a  i s :
- t p A h V 1  ( D
Where: J )  i s  t h e  d e n s i t y  o f  t h e  f l u i d
A f t e r  impact  w i t h  a  s o l i d  s u r f a c e  t h e  v e l o c i t y  ene rgy  o f  
t h i s  l a y e r  i s  d e s t r o y e d  and i s  r e p l a c e d  t h e  p o t e n t i a l  ene rgy  
which i s  g iven  by:
where:  [3 i s  t h e  c o m p r e s s i b i l i t y  o f  t h e  l i q u i d ,  
P i s  t h e  p r e s s u r e .
E q u a t i n g  ( l )  and (2) g i v e s :
P = VJ W fi (3).
Now t h e  c o m p r e s s i b i l i t y  , f3 , i s  r e l a t e d  t o  t h e  b u l k  m odu lus ,  k  
by t h e  e x p r e s s i o n :
n  = —  (4 )
and a l s o :
k
°  -  - p  ( 5 )
where:  C i s  t h e  speed o f  sound i n  t h e  w a t e r .
E q u a t i n g  (4) and (5) and s u b s t i t u t i n g  i n t o  (3) g i v e s
p = y ? . c .v
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S a i n t - V e n a n t  p r e s e n t e d  t h i s  a n a l y s i s  i n  s t u d i e s  o f  t h e  
impac t  o f  e l a s t i c  b a r s .  He eq u a t ed  t h e  momentum t h a t  a  b a r  
had a c q u i r e d  w i t h  t h e  f o r c e  t h a t  p roduced  i t  u s i n g  Newtons law 
o f  mot ion :
A f o r c e ,  F, a c t i n g  on a ba r  o f  a r e a  W w i l l  p roduce  a 
c o m pr e s s i on ,  j ,  p e r  u n i t  l e n g t h .
I f  Kt  i s  t h e  l e n g t h  o f  t h e  b a r  w h i c h  h a s  b e e n  c o m p r e s s e d  i n
a t i m e ,  t ,  t h e n  t h e  t o t a l  c o m p r e s s i o n  i s  e q u a l  t o  K j t .
We p r e s u m e  t h a t  t h e  s p e e d  o f  t h e  end o f  t h e  b a r  i s  u n i f o r m  
and e q u a l s  V, say.  E q u a t i n g  t h e  d i s t a n c e  t h a t  t h e  end o f  t h e
ba r  ha s  moved i n  t he  t i m e ,  t ,  we have:
V. t  = K . j . t  
o r :  V = K.j (1 )
The f o r c e  on t h e  end o f  t h e  b a r  may be g i v en  a s :
P = E.w.j  (2)
So t h a t  i f  we e q u a t e  momentum w i t h  f o r c e  we have:
P . t  = K. t .w » Y . p  
o r :  E . w . j . t  = K. t .w.K • j . J J  (3)
i . e . :  K = /  E (4)J  P
So t h a t  K i s  t h e  speed  o f  sound o f  t h e  b a r ,  C, and e q u a t i o n  
(3) becomes:
p .  w.C.V. = P = P.w 
or :  P = p .  C.V. (5)
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(3-1 • 2) Rhymings a n a l y t i c a l  f o r m u la e
The f o l l o w i n g  f o r m u la e  were  g i ve n  by Rhyming f o r  t h e  
i n c o m p r e s s i b l e  f l ow  o f  a  p a c k e t  o f  w a t e r  t h rou gh  an 
e x p o n e n t i a l  noz z l e .
The maximum speed o f  t h e  j e t ,  Umx , i s  g i ven  by:
Umx =  U0 { ( R l ° g ^ R ) / L r l *  R > >  1 ( 3 . 1 )
Where:  UQ i s  t h e  i n i t i a l  w a t e r  p a c k e t  v e l o c i t y ,
R i s  t h e  a r e a  r a t i o  o f  t h e  n o z z l e  and 
Lr i s  t h e  l e n g t h  r a t i o  o f  t h e  n o z z l e ,  d e f i n e d  a s  t h e  
r a t i o  o f  t h e  l e n g t h s  o f  t h e  n o z z l e  and t h e  w a t e r  
p a c k e t ,  L / l .
The maximum p r e s s u r e ,  Pmx > g e n e r a t e d  i n  t h e  n o z z l e  i s  
r e l a t e d  t o  t h e  maximum v e l o c i t y  by t h e  e x p r e s s i o n :
Pm* “ 1 / 4 | 1 / z p  J (3 -2 )
The v e l o c i t y  de ca y  a t  t h e  n o z z l e  e x i t  i s  a  f u n c t i o n  o f  t i m e  
and t h e  n o z z l e  shape  and i s  g i v en  by:
- 1 - 1
u ( t )  = I l + f 3  t |  (3-3) •
3 i  JL.
Where: (3 = ( 2 1 1 ^ / 1 !  U0 l ( l o g  R) (3 -4 )
The o n e - d i m e n s i o n a l  impac t  model  o f  Welsh
The s t r e s s  g e n e r a t e d  i n  t h e  p i s t o n  by t h e  i m p a c t  on t h e  
w a t e r  i s  g iv en  by:
^ ■ A ^ V - V . )
Where:  V i s  t h e  p i s t o n  v e l o c i t y  b e f o r e  impa c t ,
Vj i s  t h e  p i s t o n  v e l o c i t y  a f t e r  impa c t ,
Cp i s  t h e  v e l o c i t y  o f  s t r e s s  waves i n  t h e  p i s t o n ,
i s  t h e  d e n s i t y  o f  t h e  p i s t o n .
The p r e s s u r e ,  P, i n  t h e  w a t e r  i s  g i v e n  by :
P = PwCo-Vo (1 + 2V Co> (2)
With s u b s c r i p t  ’w’ r e f e r r i n g  t o  t h e  w a t e r .
The v e l o c i t y  a t  t h e  i n t e r f a c e ,  Vi ,  i s  common t o  b o t h  t h e  
w a t e r  and t h e  p i s t o n .  The p r e s s u r e s  a r e  a l s o  e q u a l  so t h a t  we 
can  e q u a t e  e q u a t i o n s  (1) and (2) ,  t o  o b t a i n :
V.I
Th is  i s ,  t h e n ,  t h e  i mp ac t  v e l o c i t y .
Thus,  f o r  examp le ,  a  s t e e l  p i s t o n ,  i n i t i a l l y  t r a v e l l i n g  a t  
50 m e t r e s  p e r  s e c o n d  w i l l  h a v e  an  i m p a c t  v e l o c i t y  o f  48 . 3 9  
m e t r e s  pe r  s econd ,  i . e .  i t  w i l l  have  s lowed down by on ly  1.61 
m e t r e s  pe r  second.
=  i-(A cw+pPv  + [( / i cv  -  a  c?
+
a p . p t  * p „ (3)
The F o r mat i o n  o f  a Shock  by a mov ing  p i s t o n
Cons i de r  an i n f i n i t e  t u b e ,  f i l l e d  w i t h  a p e r f e c t  gas  and 
f i t t e d  a t  one  end w i t h  a  p i s t o n ,  a s  shown i n  t h e  d i a g r a m  
be low.  By moving t h e  p i s t o n  t o w a r d s  t h e  gas  a  c o m p r e s s i o n  i s  
p roduced  i n  t h e  gas .  The gas  w i l l  a c q u i r e  t h e  v e l o c i t y  o f  t h e  
p i s t o n .
Cons ide r  now t h e  p i s t o n  moving w i t h  v e l o c i t y ,  u ,  and h a v i n g  
i t s  v e l o c i t y  i n c r e a s e d  i n  s m a l l  s t e p s ,  Au.  The e l e m e n t a r y  
c o m p r e s s i o n  waves p roduced  by t h i s  mo t ion  w i l l  be p r o p a g a t e d  
w i t h  t h e  v e l o c i t y  o f  sound r e l a t i v e  t o  t h e  ga s ,  i . e .  w i t h  
v e l o c i t y :
r e l a t i v e  t o  t h e  t u b e .
C o n s i d e r i n g  t h e  changes  o f  p r e s s u r e  and momentum o f  a  s m a l l  
e l e m e n t  o f  g a s  o f  m a s s ,
a  r e l a t i o n s h i p  i s  o b t a i n e d  be tw een  t h e  p r e s s u e  and v e l o c i t y  
change  due t o  an e l e m e n t a r y  wave:
d x / d t u + a
dm
A a P = dm Au ( D
In t h e  l i m i t
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(3)
cP = R (y /y - i)
0 (4)
I n i t i a l  c o n d i t i o n s  a r e  U = 0, a  = a  , so  (4) becomes :
u / a  -  2 a / ( Y -1 ) (a  ) = -  2 /(y -1) (5)
i . e .  by knowing  t h e  l o c a l  v e l o c i t y ,  u,  we can d e t e r m i n e  t h e  
s p e e d  o f  s o u n d ,  a.
The e q u a t i o n  d x / d t  = u + a  i s  c a l l e d  t h e  C h a r a c t e r i s t i c  
Eq u a t i o n ,  i t  shows t h a t ,  r e l a t i v e  t o  t h e  t u b e ,  each  wave i s  
p r o p a g a t e d  i n  a  l i n e a r  manner.
For  an a c c e l e r a t i n g  p i s t o n  t h e  x / t  d i ag r am i s ,  t h e n ,  shown
a s :
X
s h o c k
^ r r=  a  +U
Sinc e ,  f o r  an i d e a l  gas :
Cp d t  = dp/  
t h e n  (2) may be w r i t t e n :
Cp d t  = a du
a n d ,  a s
t h e n :
2a = y  R t  , and ,
du -  2 d a / y  -1
o f  sound c a u se s  a  shock-wave  t o  form.  This ,  t h en ,  i s  t he  
c a u s e  o f  t h e  f o r m a t i o n  o f  C h e  b l a s t  f r o m t h e  w a t e r  c a n n o n ,  t h e  
b l a s t  b e i n g  s im p ly  t he  shock-wave  expand ing  i n  t h e  a tm o sp h e r e .
